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IKTRODUCTIOI 
It haa long been recognized that moisture content 
and temperature have a profound influence upon the rate 
of mlorohioXoglcal decomposition of organic residues 
in nature* This influence is manifested in a diversity 
of natural biological processes* For example# appreoi-
able quantities of organic matter do not accxzmulate in 
soils lAiere the rainfall is plentiful and the mean 
annual temperatures are high* Wet hay or insixfficiently 
dried grains in storage are subject to biological 
spoilage* When dried» however« hay* grain* or other 
plant products may be kept indefinitely without being 
altered by Biicrobiological agencies* Itoreover# under 
conditions of low temperature* numerous plant and 
animal products may be pi^eserved without danger of 
spoilage* 
Hatural moisture and temperature conditions 
fluctuate widely* In the many natural processes that 
Involve decomposition of plant materials optimum 
oonditions rarely prevail* Often the moisture and 
temperature are such that one or other of these factors 
completely inhibit active decomposition* At other 
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times they are found periodically to fluctuate through 
the threshold range. 
Many plant materials end products zoay absorb 
sufficient moisture from a moderately moist atmosphere 
to permit active microbiological decomposition to be 
initiated* Indeed the phenomenon of moisture sorption 
by plant materials has perhaps not been fully appreci­
ated as a factor influencing biological decomposition 
in natxire. Many plant materials may be extensively 
decomposed without contact with free water—the neces­
sary moisture being supplied and maintained through the 
medium of the surroimding atmosphere* 
It is known that» for the activities of a particu­
lar microflora, certain conditions of moisture and 
temperature are optimum. Changing either factor in 
either direction may ultimately arrest or Inhibit 
growth* Between these two extremes, however, there is 
a wide range of conditions under which microbiological 
activity is possible* I>ecomposition studies have 
commonly been performed under op-^imum or near optimum 
values of moisture and temperature* Previous investi­
gators concerned with the natural decomposition 
processes have provided data that show the influence 
of moisture and temperature only over a very limited 
part of the range within which biological activity 
proceeds* Moreover, the limiting moistiire and 
taioperature conditions for decomposition of particuXcur 
plant materials have not been extensively investigated* 
In this dissertation are reported the results of 
several groups of experiments all bearing on the 
general subject of moisture» and secondly« temperature» 
on the decomposition of mature plant materials. Xhese 
include studies of the solution of water by plant 
material from humid ataaospheres at various temperatures# 
threshold moisture contents for the initiation of de» 
eomposition# and decomposition studies under both 
constant temperature and adiabatic conditions. In the 
course of these studies various items of apparatus 
were devised and constructed# the description and 
operation of vhich are included* 
MOISTURE SORPTION OP SOME REPRESENTATIVE PLAHT 
MATERIALS 
Introduction 
Moisture sorption by plant materials Is a uni­
versal phenomenon* Water will not only be absorbed 
vhen plant material is In contact with the liquid 
phase but vlll also be absorbed from a moist atmosphere* 
The quantity of moisture absorbed varies betveen wide 
limits and depends upon a ntosber of factors* Absorption 
from the liquid phase depends primarily upon the type 
of plant material# the temperature* and tiie previous 
treatment of the sorbent* Absorption from a moist 
atmosphere Is conditioned by an additional factor# 
namely# the aqueous vapor tension* 
A knowledge of the water soiptlon charaoterlsties 
of plant materials and plant products has been found 
useful and Important In a number of unrelated fields* 
A knowledge of the water sorption characteristics of 
cotton and other fibers Is of value In the processing 
of textiles* The susceptibility of fabrics and paper 
to deterioration end decomposition by biological agents 
is influenced by the moisture-sorbing characteristics* 
Moisture solution data woiild have application 
in doteniining the saTe oonditione for storage and 
preserration of hay# grain# dried fruit and meat# 
and many other plant and animal products. In this 
field our knowledge is meager and incomplete* Data 
are lacking on the moisture sorblng properties of 
even the most common of agricultural products. 
The investigation reported herein vas undertaken 
to study the moisture-relative humidity relations of a 
number of plant materials under conditions normal for 
biological activity* 
Hiitorical 
Xoisttire sorption has been studied most extensively 
in the textile industry on cotton and cotton products 
(13)# (20)# (22)# (26)# (29)# (30), (31)# (53)# (34)# 
(35)# (36)# (42). Limited studies have been made on 
wood (21)# feed-stuffs (25)# proteins (4)# fertilizers 
(46)# and various other substances (44)* 
Siost of the investigations reported have been 
concerned with the relationship of moisture sorption 
or desorption to the relative vapor pressure in the 
atmosphere* The methods employed have all been 
similar# varying only in minor details. The absorb­
ing material is placed in a closed chamber# the 
relative humidity within which is controlled (17)# 
(27)» (46)* Svaeuatlon of the chamber is usually 
followed to effect a more rapid approach to equilibrium* 
The absorbing material may either be placed in amall 
dishes# and removed and weighed periodically (Z4)$ or 
be suspended from the arm of a balance and periodically 
weighed without being z^moved from the humidity 
chamber (17)« Another variation in the technique is 
to pass air» humidified to a known relative humidity# 
over the absorbing material (27). This has been 
referred to as the dynamic method* 
The aqueous vapor tension or relative humidity 
has been controlled by solutions of sulfuric acid { 2 7 ) ,  
(43)» or with calcium chloride# sodium chloride or 
other salt solutions (26)# (38)* 
The time required for moisture sorption to attain 
equilibrium has been found to vary with temperature# 
with current relative vapor pres8ux*e and with the 
design of the experimental apparatus* Oane (11) 
found that gromid lAieat reached equilibrium in 4 to 
5 days at lO^C when the relative vapor pressure was 
85 per cent or less* At 90 per cent relative hiuaidity 
and lO^C# 6 to 7 days were required# but at 98 per 
cent relative humidity equilibrium had not been reach­
ed in 8 days* In general# more time has been found to 
be required for the plant materials to reach moisture 
-7-
equllibrlum at tbe lower temperatures and the higher 
relative hiuoldltles (11)« (21) than conversely. 
Ci]*eulatlng the air within the container accelerates 
the approach to moisture equilibrium (46)» 
The moisture equillbrixun attained by plant 
materials in a moist atmosphere Is not only dependent 
upon the type of plant material and the relative 
humidity# but also depends upon <«i&Lether the equilibrium 
level Is approached by absorption or desorptlon. This 
hysteresis phenomenon has been reported by a great 
number of investigators (21)* (29)» (30}» (32)# (34)# 
(35}» (36)* (37)# (42)* The equilibrium moisture 
values attained on desorptlon are always somewhat 
higher than the absorption values# except at very 
low relative humidities (35) • With cotton the hyster-^ 
esis effect becomes less pronotuiced as the temperature 
is increased (29)* 
Experimental 
Plan of procedure 
Two methods of measuring moisture sorption at 
known and constant relative humidities and temperatures 
were employed in this study* These methods are similar 
in principle but differ primarily In that in one method 
the humidified air is circulated through the plant 
-8-
material and in the other method atatlo oondltlons 
prevail* The former method will be referred to here­
after in this text as the "circulating air method"* 
i^ereas the latter will be referred to as the "static 
method"* 
Apparatus 
The apparatus employed for the circulating air 
method is shown in Figure 1* It consists of a series 
of small individual glass tubes containing the plant 
material through which is passed the humidified air. 
The glass tubes containing the plant material are shown 
in detail at in Figure They are made of 10 mm 
glass tubiiog by sealing a short length of 5 mm tubing 
to one end* The glass bead is to allow air to pass 
up through the container but prevents the plant 
material from passing down into the smaller tube* 
The air is humidified by passing it over appropri­
ate concentrations of humidifying solutions* The 
humidifying chambers are shown at A in Figure 2* They 
consist of 44-inch lengths of 25 mm glass tubing# the 
ends of which aj*e sealed and the openings replaced by 
short lengths of 8 mm glass tubing* 
In operation the hiimidifying chambers fiuce laid 
in a horizontal position with the openings on the 
upper side* They are filled to about one-half capacity* 
Pig. 1. Circulating air apparatus. 
AL 
(>3 B 
44-' 
lg.2. Enlarged diagrams of the essential parts of the apparatus. 
- Humidifying chamber# - Plant sample container. 
Cl - Capillary- for aeration rate control. 
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The air stream passes slowly over the surface of the 
humidifying solution. 
Two such chambers connected in series ere an-
ployed to humidify a given air stream. As the moving 
air stream takes up or loses moisture in approaching 
humidity equilibrium, the concentration of the humidi­
fying solution is slightly changed. By employing two 
chambers the first of the series absorbs the major 
part of the moisture transfer. The second chamber 
completes the humidification of the air stream and 
* 
undergoes no appreciable change in concentration. 
The humidified air stream is carried through 
small-size tubing directly to the plant material 
samples. In this study six earaples were served by 
each set of humidifying chambers. A diagramatic 
arrangement of the apparatus is shown in Figure 3* 
For a set of plant samples the rate of air flow 
is such that the air remains in contact with the 
humidity solution for an average of 2-^ minutes, which 
is sufficient time for moisture equilibrium to be 
established. The sample tubes are connected in paral­
lel to the source of humidified air. 
Aeration control. The air streams are forced through 
the system by the use of suction. A short length of 
capillary glass tubing controls the rate of air flow 
through each sample. The flow rate is regulated to 
-12-
TO SUCTION PUMP 
SAMPLE S 
CONTAINERS 
m  
<^y 
1 
CAPILLARY 
CONTROLS 
HUMIDIFYING 
CHAMBER ^ 
AIR STREAM 
Fig,3, Diagram of the circulating air apparatus. 
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about 8 liters per hour per oample. 
Snail glass capillaries have been found easy to make 
and satisfactory In operation In the control of rates of 
air flow* Construction and calibration of the capillaries 
Is convenient* simple and direct* Small uniform lengths 
of small bore capillary glass tubing are heated and one 
end drawn out to a very small diameter* 0.£ to 0.5 mm* 
The resulting capillary is placed on a flow meter employ­
ing a constant air pressure gradient and successive 
segments of the reduced end of the glass tubing are 
broken off and removed until the proper flow rate is 
attained* 
In the construction and calibration of ttie control 
eaplllariea it is important that extreme caution be exer­
cised to keep them free from dust and dirt* It is like­
wise important to calibrate the capillaries at the same 
pressure gradient that will be employed in use* The change 
in flow rate with air presaure gradient varies considerably 
among capillaries constructed in this manner* 
^ A constant presaure gradient is necessary where flow 
rate is controlled by capillaries* This pressure gradient 
can be regulated by the simple apparatus shown in Figure 4* 
Excess air flow is dissipated through the water column* 
The apparatus shown in Figure 4 is arranged for use 
with suction* The same apparatus with sainor adjustamnts 
can be used with the presaure pump to 'force air through 
-14-
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Fig,4. Apparatus to maintain a constant 
pressure gradient. 
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a system. To make this adjustment the T joint shovin at 
, the top of the Figure is connected to the long glass tube 
which extends down to near the bottom of the column of 
water. In this arrangement the excess pressure and flow 
is dissipated through the water column. 
Procedure with circulating air apparatus 
In the experimental procedure the plant sample con­
tainers were cleaned, dried at llo'^C, and weighed to the 
nearest milligram. One gram samples of air-dried plant 
materials were placed in the containers, the air con­
nections were made and tested, and the humidified air 
stream was forced through the samples. The air stream 
was stopped at specified intervals and the sample tubes 
were removed and weighed. When equilibrium was established, 
the samples were weighed, dried for 24 hours at 95^0, 
and reweighed. The moisture content was determined and 
reported as per cent of the dry weight of the sample. 
Procedure employing static atmosphere 
The static method employed in this study was similar 
to that used by vilson and Fuwa (44). Desiccators were em­
ployed as the humidity chambers because the humidifying 
solutions could be placed in the bottom compartment and the 
upper compartment was readily accessible and would hold a 
number of plant sample containers. 
"•X6~ 
The plant materlala under observation were spread 
shallowly in the bottom of the weighing dishes and placed 
In the hiuoldlfylng desiccators, (The desiccators were set 
In a laboratory cupboard* where only slight temperature 
variations occurred. 
It was found by preliminary studies that equilibrium 
was nearly established xmder static conditions in the 
course of 4 or 5 days at 25^C, !So allow adequate time to 
reach true sorption equilibrium* the plant samples* unless 
otherwise designated* were left in the humidity chambers 
10 days* When removed from the chambers* the dishes were 
weighed* dried* and the moisture content reported as a 
per cent of the dry weight of the sorblng material* 
Control of relative humidity 
Sulfuric acid solutions were employed to control the 
relative humidity of the enclosed atmosphere* Xhey were 
found reliable and convenient to prepare and to standardise* 
Xhe aold concentration-vapor pressure relationships given 
by Wilson (43) were followed in the preparation of the 
humidity solutions* 
Solutions were prepared to give sipecified relative 
vapor pressures at 25^C* lifhen the solutions were employed 
in experiments at other temperatures* the appropriate 
corrections in relative humidity were calculated* The 
acid concentrations and the corresponding relative vapor 
17-
presaxirea are given In Table 1* 
Table 1* Relative humiditlea produced by ^ £^^4 
sr^  J 
* Relative Humidity 
per 100 : 
ml water ; 12°C 25*^C 57<^C 
93.9 
55.3 
37.6 
29.7 
22.6 
19.0 
14.3 
6.0 
0.0 
13.6 
36.1 
57.2 
67.5 
77.9 
82.7 
88.2 
94.6 
100.0 
15.0 
37.7 
58.4 
68.5 
78.7 
83.3 
86.5 
94.8 
100.0 
16.4 
39.3 
59.6 
69.5 
79.4 
83.8 
86.9 
95.0 
100.0 
Resulta 
Bate of moiatujfe aorptlon 
Mea^urementa of the rate of moiature aorption were 
made employing both the circulating air and tiae static 
methods. These measurements show that the rate of 
sorption is influenced by a number of factors. In 
Table 2 are given tiie per cent moisture changes in 
segments of hemp stalks durizig aorption under static 
conditions. Squilibrium was closely approached in 120 
hours except at the higher arelative humidities. At the 
higher humidities* significant per cent moisture changes 
occurred betweenl20 and 216 hours. 
Table 2« Kate of moisture content change In hemp stalks 
during moisture sorption at 25^C under static conditions 
from controlled humidified atmospheres 
Relative s Time in hours 
Humidity3 0 5.5 9.75 24 120 216 
20 7.7 
7.7 
7.3 
7.2 
7.1 
7.1 
6.7 
6.5 
6.1 
5.9 
6.0 
5.8 
50 7.7 
7.7 
8.0 
7.9 
8.1 
8.1 
8.6 
8.4 
8.7 
8.7 
8.9 
8.9 
60 7.7 
7.7 
8.1 
8.1 
8.3 
8.3 
9.2 
9.3 
10.4 
10.3 
10.6 
10.6 
70 7.7 
7.7 
8.7 
8.7 
9.2 
9.3 
11.0 
11.1 
12.5 
12.5 
12.7 
12.8 
80 7.7 
7.7 
9.0 
9.2 
9.9 
10.3 
12.8 
13.2 
15.6 
15.8 
16.0 
16.1 
90 7.7 
7.7 
9.8 
9.9 
11.3 
11.3 
16.3 
15.8 
23.0 
21.8 
23.5 
23*5 
95 7.7 
7.7 
10.8 
10.1 
12.7 
11.9 
18.8 
17.9 
29.4 
29.4 
31.9 
31.2 
100 7.7 
7.7 
10.0 
10.1 
11.6 
11.6 
17.4 
17.1 
28.9 
28.2 
31.3 
30.4 
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Figures 5 and 6 show the influence of temperature on 
moisture uptake of alfalfa and oat straw at three temper­
atures and two levels of relative humidity. At 25°C and 
37^C equilibrium was nearly attained in 48 hours. At 
o 12 C equilibrium was much slower, end the plant materials 
were still increasing in weight at the higher humidities 
at the tenth day. 
Deoomposition and moisture change 
At the higher relative humidities and when no attempt 
is made to control microorganisms active decomposition 
proceeds in the plant material before moisture sorption 
equilibrium has been attained. As a result, the plant 
material undergoes a chiange in composition and a loss in 
weight. Vrater is added to the system as a product 
of deoomposition. The loss in weight makes the original 
dry weight of the plant material no longer a valid base 
for calculation of the moisture per cent. The water 
additions resulting from decomposition can be appreciable 
and are often much larger than the quantity added by 
sorption. True sorption equilibrium data in substrates 
susceptible to decomposition must be obtained under 
aseptic conditions or be estimated by extrapolation of 
the sorption curves. 
Figures 7 and 8 shov; the moisture per cent changes 
in alfalfa and oat straw during sorption in a circulating 
12 °C. 25 °C. 37 ®C. 
1.5-
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atmosphere at 25^C« After decomposition ooiaaenoed# the 
base vei^t changes In the plant samples were calculated 
from the COg produced* Final moisture and weight de­
terminations were made» and the per cent moisture calcu­
lated in the intermediate time Interyals* The solid 
lines show the ohsex^ed moisture percentages during the 
time intervals of the experiment* The broken lines are 
extrapolations estimating the moisture per cent due to 
sorption* 
The data in Figures 7 and 8 were taken from the 
gexwral body of data contained in Table 3* It will be 
noted that moisture equilibrium was attained at the 
lower relative vapor pressure at the end of a 48-hour 
period* The sorption equilibrium at the higher humidities 
Is obscured by the results of decomposition* The calcu­
lations of moisture per cent due to moisture sorption 
from the air stream were made by the use of a simple 
formula* It was assumed that* uninfluenced by decom-
positlon# the moisture per cent in the plant material 
would approach asymptotically some constant value* The 
simple formula^ 
i^ere y - per cent 
moisture# x z the time» and a and b are constants# Is one 
of a number of formulae which embody this feature and was 
y 
Table 3* Rate of moisture sorption in circulating atmospiiere at 25^0 
Mours s Relative Humidity 
Sorptiont 100 94.8 88.S 78.7 68.5 58.4 57.7 15>0 
Fer cent moisture in alfalfa 
0 8.0 8.0 6.0 8.0 8.0 8.0 8.0 8.0 
24 32.7 30.2 25.5 19.2 14.7 11*4 8.0 6.4 
48 40.9 34.9 28.6 19.2 14.7 11.4 8.0 6.3 
96 58.6 41.3 30.3 19.2 14.7 11.4 8.0 6.3 
72 Calcu. 45.0 36.9 29.9 
96 Calcu. 47.5 38.1 30.6 
Constants for calculation of moisture sorption per cent 
a 49.25 34.12 25.03 
b 83#85 12.88 10.32 
j^ er cent moisture in euAan grass 
0 7.2 7.2 7.6 7.S 7.2 7.2 7.2 
24 30.3 25.0 21.7 15.8 10.7 9.6 7.2 6.0 
48 37.8 29.9 23.2 16.1 12.2 9.6 7.2 5.9 
96 51.0 35.2 23.5 16.1 12.2 9.6 7.2 5.9 
72 Calcu. 41.7 32.2 23.8 
93 Calcu. 44.1 33.5 24.1 
Constants for calculation of moisture sorption per cent 
a 46.50 31.32 17.85 
b 24.94 18.23 5.55 
^er cent moisture in oat straw 
0 7.1 7.1 v.i • 7.1 7.1 i . l  7.1 7.1 
24 30.6 24.3 20.5 14.9 12.2 10.3 7.1 5.2 
48 36.3 27.3 20.9 15.1 12.2 10.3 7.1 5.2 
96 42.1 28.8 21.0 15.1 12.2 10.3 7.1 5.1 
72 Calcu. 38.3 28.6 21.0 
96 Calcu. 39.4 29.2 21.1 
Constants for calculation of moisture sorption per cent 
a 36.13 24.47 14.22 
to 11.39 10.15 1.46 
Table 3. Continued 
nours illative Htimidity 
Sorption 100 94.8 88.5 78.7 68.5 58.4 37.7 15.0 
Fer cent moistiura in hemp bark 
0 7.1 •y-.T •y.l V.l 7.1 7.1 7.1 
24 32.0 25.2 20.6 14.8 12.2 10.0 7.1 5.5 
48 37.4 28.0 20.9 14.9 12.2 10.0 7.1 5.5 
96 43.1 28.9 20.9 14.9 12.2 10.0 7.1 5.5 
72 Calou. 39.8 29.1 
96 Calou. 41.1 29.7 
Constants 
a 38*69 
Jb 15.89 
for calculation of moisture sorption per 
24.59 
8.48 
cent moisitire 3ji pine needles 
cent 
0 7.6 r.r- 7.6 .^6 7.6 - J . Q  7.6 7.6 
24 25.6 21.3 17.6 13.8 11.2 9.5 7.6 6.0 
48 28.6 22.7 18.3 14.2 11.4 9.5 7.6 6.0 
96 31.7 23.2 18.3 14.2 11.4 9.5 7.6 6.0 
72 Calcu. 29.8 23.2 18.6 14.4 11.5 
96 Calcu. 30.5 23*5 
Constants for oalculation of moisture soration per cent 
a 25.20 16.82 11.50 7.06 4.02 
b 9.60 5.47 3.59 3.35 2.78 
Per cent moisture in Sudan grass roots 
0 4.8 4.8 4.8 4.d 4.8 4.8 4.8 4.8 
24 19.2 16.5 14.2 10.3 8.a 6.6 4 .8 4.5 
48 22.0 17.6 14.3 10.4 8.1 6.6 4.8 4.4 
96 26.4 17.8 14.3 10.4 8.1 6.6 4.8 4.1 
72 Caleu. 23.2 18.0 
96 Caleu. 2S.9 
C<»i8tants 
a 21.35 
b 11.58 
18.2 
for calculation of moisture sorption per 
14.13 
4.99 
cent 
to 
o> 
t 
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employed In this study to estimate moisture added to the 
plant material by sorption* Calculations of the constants 
were made using the per cent moisture data at the first 
three time intervals# 0» 26, and 48 hours* After evalu­
ation of the constants* sorption moisture values vere 
calculated for the 7S- and 96-hour time intervals* These 
calculated data along vith the constants employed for 
each plant material are also included in Table 3* 
The application of this formula did not result in 
an accurate prediction of the observed moisture uptake* 
The formula describes moisture sorption as a continuous 
function of time in vhich the rate of moisture sorption 
approaches zero as sorption approaches equilibrium* 
The observed moisture sorption phenomenon at the lotser 
i*elative humidities does not seem closely to folloir this 
pattern* This is shown by the fact that the calculated 
moisture sorption values for the 96-hour period are 
larger than the observed values in cases vhere decom­
position was not a oomplicating factor* 
I>esorption eouilibria 
Thi9 moisture content is generally greater when the 
equilibrium is approached by desorption or loss of 
moisture to the atmosphere * than is found when equilibrium 
is attained by sorption* In Table 4 is given the moisture 
equilibrium values of six plant materials after desorption 
•28> 
Table 4. Per cent moisture In plant materials after 
desorption for 72 hours in circulating atmospheres 
at 250c* 
Sudan 
grass 
roots 
Relative s Sudan Oat Henqp fine 
iiumldltyi Alfalfa grass straw bark needles 
100.00 
Initial moisture per cent 
52*6 42.6 42.7 99.3 50.2 
X^sorptlon moisture per cent 
24.5 
94.8 I 44.1 33«3 31.8 33.2 25.8 19.4 
88 .& s 29.6 20.7 22.8 22.4 20.8 15.0 
78.7 : 20.9 15.6 17.5 16.3 16.4 11.4 
68.5 s 15.7 12.8 14.0 13.3 14.4 9.6 
68.4 t 12.2 10.6 11.6 11.0 12.6 8.4 
57*7 1 9.7 8.1 8.6 7.8 9.4 5.9 
15.0 « m 6.9 5.4 5.3 5.5 6.3 4.2 
^Initial a;0lsture 
atmosphere 
by sorption for 48 hours In saturated 
for 72 hours under veurylng atmospheric humidity conditions. 
The plant materials were moistened at the beginning of 
Uie experiment by sorption for 48 hours In a moisture-
saturated air stream* It has been reported by Urquhart 
•t al.# (29)« (55) that the molstiire values attained on 
desorption are Influenced by the Initial moisture content. 
In Table 5 are shown the equilibrium moisture values 
attained by desorptlon when the plant material was wetted 
by sorption at 94*4 per cent relative humidity. The 
Initial moisture In this experiment was lower than In the 
previous study. The differences In the moisture content 
equilibrium attained In the two studies are only slight 
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Table &• Per cent moisture In plant materials after 
deaorption for 72 hours in circulating atmospheres 
at 25®C* 
Relative > Sudan 
Humidity8 
I 
Sudan Oat Hemp Pine grass 
Alfalfa Rrass straw bark needles roots 
t 
I Initial moisture per cent 
100.00 t 
B 
41*8 35*4 30*6 30*6 25*1 20*8 
i 
i Deaorption moisture per cent 
% 
89.4 I 30*6 26.1 24.8 24.3 22.4 16.2 
83*5 1 24.8 21.6 20*8 19.7 19.2 13*7 
74*3 S 19*3 16.8 16.7 15.2 15*7 11.8 
64*7 t 14*6 13.1 13.7 12.3 13*5 9.9 
55.1 { U.7 10*5 11*2 10.2 11*6 
35*6 3 6*2 7*2 7*9 7.2 8*6 6*2 
14*2 : 5*5 4*7 4*5 4.5 5*5 4.0 
± 
"^Initial moisture bj sorption for 48 hours at 94«4 per 
cent relative humidity 
and can well be ascribed to experimental error* 
In Table 6 are given the results of an e3g;>eriment on 
desorption under static conditions* The final moisture 
values are shonn in association with the per cent loss in 
the substrate as a result of decomposition* It will be 
noted that at and above 88•& per cent relative humidity# 
equilibrium was never attained* Relatively large quanti­
ties of water were lost by the plant material* This Is 
shown a comparison of the initial and final moisture 
per cent* At the higher humidities the low aqueous 
vapor tension gradient between the atmosphere and the 
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Table 6« Per cent moisture and per cent decomposition 
after desorptlon In desiccators for 30 days at 
Alfalfa Sudan rtblbb Oat straw 
RH % % decom­ % ^ decom­ * ^ decom­
water position water position water position 
94.8 375.5 47.1 218.1 34.3 180.6 21.3 
88.6 865.8 49.5 198.3 37.2 140.9 20.7 
78.7 20.4 46.0 19.5 30.3 18.3 14.4 
68.5 16.2 41.5 15.4 25.8 14.7 10.3 
58.4 13.0 36.9 10.9 10.7 12.0 7.8 
37.7 9.0 30.7 8.2 17.7 8.4 6.3 
15.0 5.8 18.1 5.4 10.3 5 *5 3*5 
Initial 
moisture 
256.0 200.0 218.0 
Bfi Hemp Pine needles Sudan ji^ rasa rooti 
94.8 185.4 28.4 106.7 6.7 125.1 8.9 
88.5 132.0 20.1 69.9 8.0 69.4 8.9 
78.7 16*2 12.0 18.8 5.0 13.1 5.3 
68.5 13.0 9.9 15.8 3.7 10.9 5.9 
58.4 10.3 6.9 13.4 2.4 8.5 3.6 
37.7 7,5 6.7 10.0 1.5 6.4 4.2 
16.0 4.8 3.3 6.7 0.1 4.1 1.7 
Initial 
moisture 
220.0 200.0 196.0 
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plant material resxilted in a slov rate of moisture loss* 
Significant quantities of vater vere added to the systems 
as the product of decomposition in this same range* 
These combined factors resulted in the extremely slow 
approach to moisture equilibrium* 
Hysteresis in moisture sorption eouilibrium 
She data obtained in this study are not complete 
enough to describe accurately either the desorption or 
absorption moisture-relative humidity curves* They do 
atiO^» however* that the two curves are not the same and 
that moisture sorption in the plant materials studied 
exhibits the hysteresis phenomenon* In Figures 9 and 10 
are shown the hysteresis ciirves for the six plant materials* 
The differences between the absorption and desorption 
curves vary among the plant materials with the least 
divergence shown by alfalfa* 
Influence of temperature on moisture sorption equilibri^3m 
The moisture sorption equilibrium of plant materials 
was found to be influenced by the temperatux^* Xn 
Table 7 are shown the moisture sorption values at equi­
librium for the several plant materials at three teisgper-
atures* At all relative humidities the moisture sorption 
in the plant materials was hij^er at 12^C than at 
or 37^ C* The moist\ire solution values obtained at 25^ C 
Alfalfa 
Oat Straw 
Adsorption 
Estimoted from adsorption rotes 
Desorption - Initiol moisture 
by sorption for 48 hours 
of 94.4 % R.H 
Desorption - Initiol moisture 
by sorption for 48 hours 
at 100% R H. 
Pine Needles 
50 10 20 30 40 50 10 20 
Relotive Humidity - Percent 
Fig,9. Sorption and desorption moisture-relative humidity ciarves for alfalfa, 
oat straw and pine needles. 
50-
Sudan Grass 
40-
c O) u 
w 0; Q. 
<U 30 
3 
(/) 
O 
s 
2 0 -
o Adsorption 
e Estimofed from odsorption rates 
A Desorption - Initiol moisture 
by sorption for 48 hours 
ot 94.4% R H. 
D Desorption - Initiol moisture 
by sorption for 48 hours 
ot 100% R. H. 
Hemp Bark 
Sudan Grass Roots 
50 10 
i 03 03 
I 
30 40 50 10 20 30 
Relotive Humidity - Percent 
100 
Fig,10. absorption and desorption moisture-relative humidity curves for sudan 
grass, hemp bark and sudan ^rass roots. 
>54 
Table 7* Moisture sorption at various temperatures 
under static conditions 
Relative Sudan 
humidity Sudan Oat Hemp fine grass 
per cent Alfalfa grass straw l>ark needles roots 
Moisture per cent after 12 days at 12*^C 
100.0 63.9 43.5 46.2 34.5 
94.& 49.4 34.7 35.1 28.5 
88,S 38.6 26.6 27.4 23.6 
77.9 25.2 18.4 18.9 19.2 
67,5 21.6 15.5 15.7 15.5 
57,2 17.1 12.6 13.0 13.7 
36.1 12.1 9.1 9.7 11.6 
13.6 9.2 6.2 7.1 8.9 
Moisture per cent after 8 days at 25^C 
100.0 53.2 44 .6 38.6 37.9 30.7 25.3 
94.8 40.6 32 .3 28.4 28.1 23.1 17.9 
88.5 28.8 22 .6 20.8 20.3 18.3 13.7 
78.7 20.6 15 .9 15.8 15.6 15.1 10.9 
68.5 16.1 12 .5 13.5 13.4 12.9 8.6 
58.4 13.2 9 .8 11.3 10.8 11.1 7.2 
37.7 9«9 7 .6 8.2 8.1 9.3 6.1 
15.0 7.8 5 .6 6.0 6.2 7.3 5.4 
Moisture per cent after 6 days at 37°C 
100.0 57.1 45.8 47.7 36.7 
95.0 32.7 26.2 25.8 25.2 
88.9 28.0 S1.8 21.0 20.1 
79.4 24.2 16,8 17.3 
69.5 18.0 14.1 14.8 
59.6 10*8 11.1 12.1 
39.3 11.1 8.3 8.0 8.4 
16.4 9.2 5.7 6.4 7.0 
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and 57^C are not markedly divergent. Moisture sorption 
values at 25^C frc»a relative huxaldltles In the range 
88 to 96 per cent are higher than at S7^C« Under all 
other conditions moisture sorption was greatest at 37^C. 
IMder static conditions where the Incubation time 
required to attain moisture equlllbrlvun Is rather long« 
decomposition was certain to have commenced In many of the 
plant samples and water other than that obtained by 
sorption was added to the samples* These moisture ad­
ditions resulting from decomposition would be highest at 
the higher temperatures and relative humidities* 
Moisture sorption by a number of common plant materials 
Xn 7able 6 are given data which show the moisture 
sorptlon-relatlve humidity relationship for a number of 
coaanon plant materials. These data wore obtained under 
static conditions at 25^C» Great diversity in the water 
absorbing properties Is shown by the products studied. 
Cotton absorbed only relatively small quantities of water 
at all relative humidities* The molstare sorption by 
young leguminous crops* on the other hand* was rather 
large* Partly decomposed oak leaves absorbed relatively 
large amounts of water at the lower relative humidities# 
but In comparison with the other plant materials studied 
the moisture sorption was low at the higher humidities* 
Table 8« Moisture per cent of plant materials after sorption for 
10 days vmder static conditions at 25 C 
Substance 20 40 50 
Relative Humidity 
60 70 80 90 95 
Cotton 1.2 2, .4 3.4 4. 2 6. 4 8. 3 U. 1 28. 4 
Hemp 6*0 8.9 10. 6 12. 8 16. ,0 23. 5 31. 9 
Jute 1.5 3. 3 3.9 6, .8 8. 2 11. 3 15. 5 28. 1 
Straw 4.9 7 .1 8.4 10, .3* 12 .5 16 .4 23. 2 32. 9 
Com Stalks 4.3 6 .6 6.9 10 12 .2 16 .6 25. 8 35. 0 
Straw (partly deccm.) 4.0 
t  
7.9 9 .7* 11 .2 14 .4 18. 0 25. 2 
Oak Leaves (partly deeom.) 
Alfalfa (old) 
7.9 9 •9 11.0 14 .5* 15 .9 18 .7 23. 5 30. 1 
5.4 6 .1 7.9 10 .2 13 .1 19 .7 32. 3 42. 9 
Alfalfa (young) 7 .6 9.4 14 .8 18 .2 26 .3 49. .9 80, 7 
Sweet Clover (old) 6.1 8 .5 11 .0 14 .3 19 .4 31. ,7 53. ,1 
Sweet Clover (yotmg) 6.3 8 .0 12.5 15 .9 20 .2 28 .5 50, .4 94, .5 
Bed Clover (old) 6.8 8 .1 9.3 12 .5 15 .7 30, .7 52, .8 
Red Clover (yovuog) &«9 8 •4 9.5 14 .9 17 .0 22 .9 41. >5 60, >5 
61 per cent relative humidity 
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Discussion 
The Important differences in the moisture content-
relative humidity curves# no doubt, reflect chemical and 
architectural characteristics of the substances studied* 
Snow# £t al», (25) foiuid in studying feed-stuffa that at 
the lower humidities the water uptake was directly pro­
portional to the content of soluble carbohydrate in the 
plant materials and inversely proportional to the content 
of protein# At higher htunidities# 90 per cent and above# 
the water sorption was found to be directly proportional 
to the protein content and inversely proportional to the 
soluble carbohydrate. 
In soils (27) and other similar inorganic systems# 
water sorption has been found to be inversely related 
to particle sizes or directly related to total particle 
surface or pore size and space. In soils# sorption has 
been partially explained as the result of capillary 
condensation. Most plant materials and products contain 
interfiber spaces# crevices and faults# which could serve 
as capillaries for water condensation. In some cellulose 
products# however# such as cellophane# interfiber spaces 
are negligible# yet the water sorption properties of these 
products are similar to those of the porous fiber products. 
Data suauuarized by Valko (57) indicate the importance 
of the structural hydroxyl ions in water sorption* 
-38-
Treatmenta which cover or mask the hydroxyl group reduce 
the water sorption* 
When the moisture content of the plant materials is 
plotted against relative vapor pressure* curves are pro­
duced which follow a general pattern* (See Figures 9 and 10} 
At low relative vapor pressures the moisture values are 
relatively low but become quite large as the relative 
humidity approaches 100 per cent* 
Between 80 and 90 per cent relative humidity the 
curves follow the general equation y ar * where y m the 
moisture content in grams of water absorbed by 100 grams 
dry weight of plant material and x s the relative vapor 
pressure ratio* By introducing two constants a and c 
(y c) the equation can be modified^ within limits 
X s (*20 - *90 }> to express the general features of the 
moisture curves obtained in this study. The observed and 
calculated moisture-relative humidity data for alfalfa 
and oat straw are shown in Figtire 11« 
From a consideration of the probable mechanisms 
by which water is absorbed and held by plant materials 
it would be expected that the moisture curves would 
deviate from any regular and continuous mathematical 
eaqpresslon* This expectation is borne out in the data* 
The theoretical curves obtained by use of the equation 
and made to pass through the observed moisture per cent 
values at about 40 and 90 per cent relative humidity« 
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OBSERVEO 
BY FORMULA 
Y« + C 
ALFALFA 
OAT STRAW 
=>o 
CM 
LOO 
90 
8Q 
70 
60 
b 20 30 40 50 60 T O  80 9 10 20 30 40 
RELATIVE HUMIDITY -  PERCENT    
Fig, 11, Moisture sorption data showin^^ the relationship 
of the mathematical expression ^o the observed moisture 
values. 
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deviate appreciably in some Instances from the observed 
values at 65 to 85 per cent relative humidity* In other 
words# the moisture per cent does not Increase as rapidly 
with change in relative humidity In the higher humidities 
aa this equation would indicate. 
Ho theoretical assumptions were employed as a basis 
for arriving at the equation* Observations merely indicated 
that the curves could be reasonably well expressed by the 
general type equation used* It is of interest# however# 
to note that the equation used in this study to express 
the moisture curves is a rearrangement of the equation 
expressing the vapor pressxire lowering of a solution by 
the presenoe of a solute such as is outlined in Raoult's 
principle# which specifies that the relative vapor pressure 
of a solution is proportional to the mole fraction of the 
solvent* 
JL - JL Where P, - vapor pressure of the 
7^  55®  ^ solution 
P s vapor pressure of the 
solvent 
U s moles of solvent 
TS z moles of solute 
If N s and * e where • weight solute 
*7 ^ ^ s mol. weight solute 
^2 s weight solvent 
^2 m mol* weight solvent 
P 
and 1 B X or relative vapor pressure ratio ^ 
^ Wc 
then X » M or If - x « 
HJSSf K i-x However# M »% .. 8^ x % 
I II 4 
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But taking y In the equation y « + c equal to ^ it follows 
that = y—i; or y = ^'^1 . The quantity would be math-
M2 i-ac Ml 
ematloally analogous to a, however, the latter should not 
necessarily be interpreted as a reflection of the jmolecular 
weight of the plant material. Nevertheless, where the molecular 
weight of the solvent is constant (water was the material used 
in these studies), the quantity a may reflect in a general way 
the sorbing capacity or activity per unit weight of plant 
material. The constant c in the equation is a measure of the 
initial or stable moisture held by the plant substance. It 
may be principally water of constitution or crystallization. 
This moisture is lost upon drying at loo'^c but is relatively 
stable at ordinary temperatures and low relative vapor 
pressures. 
The mathematical expression of Raoult's principle 
holds true only for dilute solutions and it is not to 
be expected that it would express accurately the reactions 
of concentrated solutions such as are dealt with in this 
study. It is thought, however, that increased increments 
of a solute will produce vapor pressure reductions in 
the solvent even at high concentrations. The magnitude 
of the vapor pressure reduction, however, would not be 
-42-
expected to follow closely the mathematical expressions 
which describe the relationship in dilute solutions* 
Summary and Conclusions 
1* A series of studies was carried out on the 
moisture sorbing properties of mature plant materials euid 
of the environmental factors that influence the rate of 
moisture uptake and the final moisture equilibrium* 
2* Methods of moisture sorption are reviewed and an 
appain&tus Is described which will permit the rapid at­
tainment of moisture equilibrium* 
3* Xhe rate of moisture sorption by mature plant 
materials is Influenced by temperature# by the relative 
humidity and by the movement of the atmosphere* 
An Increase in teoqperature accelerates the rate of 
approach to moisture equilibrium* 
The rate of approach to moisture sorption equilibri­
um is greater at low than at high relative humidities* 
4* At favorable temperatures and at the higher 
relative humidities microbiological activity precedes 
attainment of moisture equilibrium* Water is added to 
the substrate as a result and the moisture content of the 
plant material does not exclusively represent moisture 
sorption* 
5« Hysteresis in moisture sorption was observed* 
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Equillbrlua moisture values attained by desorptlon were 
generally hlglier tlian tiiose attained by sorption* 
6* Moisture contents at equilibrium were higher 
at the lower temperatures* A pronounced difference was 
observed between the final moisture sorption values 
attained at 12^C and those attained at 25^ or S7®C* 
7* Kolsture sorption was highest in the alfalfa 
samples and lowest in cotton* 
8« A aatbematical eoqpression is given which ex­
presses the general features of the moisture per cent-
relative humidity relationship* 
•^ 4-
THE IMPLUMCE OF MOISTURE CONTENT ON BIOLOGICAL 
EECOMPOSITION AT CONSTANT TEMPERATURES 
Introduotlon 
The range of moisture and temperature within which 
aerohio soil microorganisms are capable of activity is 
rather vide* The rate of activity# however» within this 
range is not uniform* Each species has an optimum range 
of moisture and temperature in irtiich its activities are 
most rapid. As either the moistuz*e or the temperature 
deviates from this optimum# the activities of the organ* 
isms are reduced* As the tei^perature rises above the 
optimum the organisms are first reduced in activity and 
then xiltimately killed* Because the activities of micro­
organisms are carried on within a water film# Increase in 
moisture content above the optimum has little effect 
until anaerobic conditions have developed. On the other 
hand# reducing the moisture content of substrates below 
the optimum tends to xreduce the extent and rate of de-
compoaition aooompliahed by the microorganisms and at 
low moisture contents the organisms are reduced to in­
activity and may even die* fieduced temperature has a 
Bimilar effect in that tlie organisms ai^e rendered 
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inoapablo of normal activity* 
This principle of arrested miGrobiological activity 
at low moisture and temperature is important in regulat­
ing or influencing a number of natural biological processes 
and has found application in the solution of many practical 
problems of storage and preservation of plant and ainiipiF'l 
products. The rate of decomposition of crop residues* 
manures^ and soil organic matter is chiefly influenced 
by the moisture and temperature factors. The low organic 
matter content of soils in climates characterised by 
moderately high mean annual temperatures and high* well 
distributed rainfall is evidence of this fact. 
The retting of hemp and other fibers under field 
conditions is a process critically dependst upon the 
moisture-temperature relationship (10). For t^is reason 
hemp culture is limited to those areas ivhere the moisture 
content of the mature hemp straw remains sufficiently 
high for the retting process to take place. 
Zn the storage of feeds# grains# fruits# meat# and 
auuy other products# either low temperatiu>e or reduced 
moisture content is utilised to minimize biological 
activity. Each year# however# large quantities of 
produce are wasted because the conditions of storage 
had not been investigated or sufficient precautions were 
not taken to inhibit biological activity. Biological 
spoilage has been especially observed in the case of 
Incompletely dried crops such as hay# fodder and grain* 
Temperature as a factor influencing biological ac­
tivity has been the subject of considerable study in the 
field of bacterial physiology. The interaction of moisture 
content and temperature has not been extensively investi­
gated especially as it relates to the deoomposition of 
natural plant materials by a mixed microflora* 
The influence of moisture on decomposition has been 
only meagerly studied* Such experiments as have been 
made have been confined to nearly optimum conditions in 
the upper moisture ranges* Very little attention has 
been directed tovard studies of the threshold moisture 
values for microbiological activity* The relationship 
between the moisture content of plant material and the 
relative vapor pressure in the atmosphere has perhaps 
not been fully appreciated as a factor influencing biologi­
cal* decomposition* The natural moisture fluctuations in 
plant residues often occur in or near the minimum range 
for biological activity* 
For the higher plants moisture tension has been 
found more nearly to indicate the minimum moisture level 
than has the qxiantity of moisture in the soil* Higher 
plants are capable of obtalnixig moisture from the soil 
sufficient for their needs until moisture tension 
reaches a pF of about 4*2* Above pF 4*2 the rate of 
imter uptake by the plants is usually insufficient to 
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supply their moist\u« needs and permanent wilting occurs* 
The moisture requirements of microorganisms have not 
been systematically studied* It is known* however# that 
many of these micro forms of life will flourish under 
moisture conditions below the permanent wilting point and 
far too stringent for the growth of higher plants* The 
growth of microorganisms# nevertheless* Is arrested i^n 
the moistiire content reaches critically low values* 
Historical 
The optimum moisture content for decomposition of 
plant substrates by the general mesophilic aerobic micro* 
flora is near saturation* This varies with the type of 
substrate* Waksnuin and Purvis (41) found 50-80 per cent 
moisture (wet weight basis) to be optimum for the decom­
position of peat* In another study Waksman and Gerretsen 
(40) found 80 per cent moisture (wet weight basis) in oat 
straw to promote slightly more rapid decomposition than 
66 per cent* 
The minimum moisture requirements for microbiological 
e  
activity have been less extensively studied* Forty days 
were required for the appearance of mold growth on dried 
meat stored at SS^C and 75 per cent relative humidity# 
while at the same temperature only 5 days were required 
at 100 per cent relative humidity and 7 days at 85 per 
cent (16)* tfaeara (16) further found that temperatures 
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between 20^ and 37^C had little influence on the threshold 
moistuire values for mold appearance* MoHargue (18) re­
ported 15 per cent moisture (dxT- weight basis) to be the 
critical point for spoilage of stored com* Galloway (12) 
reported that the minimum relative humidity at iriiich 
fungi would germinate and remain vegetative varied be­
tween 75 and 95 per cent^ The moisture contents necessary 
for the initiation of general microbiological activity 
usually range between that absorbed at 80 per cent and 
that absorbed at 85 per cent relative humidity* Some 
species# however# were found to grow at relative humidities 
as low as 75 per cent (12)* 
Snow» Critchon and Wright (24) reported that the 
oocurranoe of mold growth on feeding .i^tuffs is correlated 
with the relative humidity of the atmosphere rather than 
with the moisture content of the feed* Shey found that 
mold growth took place rather quickly on all feeding* 
stuffs stored at relative humidities between 75 and 100 
per cent* Below 75 per cent relative hiuaidlty* mold 
growth# while not prevented# only developed after a 
prolonged latent period* Mold growth was observed to 
develop on locust bean meal exposed to a humidity as 
low as 65 per cent after a latent period of Z years. 
Development of mold was more rapid on samples stored at 
82^C than on saugples stored at 15*5^C* 
Armstrong (S)# in studying rotproofing of sand bags# 
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states that below 17 per cent moisture content fungal 
attack on jute fibre Is negligible; that bacteria require 
more moisture than fungi; and» that some strains of 
bacteria require 22 per cent of moisture In the substrate 
as a minimum to become active* 
A review of the literature reveals that many phases 
remain to be Investigated regarding the Influence of 
moisture and temperature on the decomposition of natural 
plant materials and products* Few data have been obtained 
regarding the Influence of low moisture contents on the 
activity of microorganisms or the Influence of temperature 
on the effect of moisture* Unavailable also Is general 
Information as to the threshold moisture content for 
microbiological activity and whether high moisture tension 
as well as low moisture contents limit fungal and bacterial 
activity* It would be deslra*ble ultimately to have tables 
giving the critical or threshold moisture values for 
decomposition at different temperatures for all common 
agricultural products* 
Ebcperlmental 
Plant materials Investigated 
A study was made of the Influence of moisture and 
temperature on the rate of deconq;>osltlon of some matiire 
plant materials end of the moisture relationships attending 
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Inhibition of biological activity. The plant materials 
vere selected to represent a fev of the more common crops 
and types of mature plant structure. They Included alfalfa 
Medloajgo aatlva« sudan grass and sudan grass roots Sorjajivm 
Yulgare sudanense* oat straw Avena satlva# hemp bark 
Canabla satlvai and white pine needles Plnus strobus. 
The plant samples were dried and groiind to pass a S mm 
sieve* The grinding was done to pexrmlt greater uniformity 
among the small size samples (one gram} employed In the 
study. 
Apparatus 
Apparatus similar to that described in Fart XI for 
the measurement of moisture sorption was used for the 
decomposition esqieriments. The sauries of plant materials 
were placed in small glass tubes and air streams of known 
humidity were continuously passed through them* A dia-
gramatic outline of the apparatus is shown in Figure I2 
and a picture of the apparatus is shown in Figure 13. 
Two modifications in the design of the moisture 
sorption apparatus were made to adapt it for use in de-
coHUpositlon studies. Absorption tubes were placed In 
the system for the purpose of absorbing and measuring the 
evolved carbon dioxide and the capillary aeration controls 
were placed between the humidifying chambers and the plant 
sajQple container* 
To Adsorption Tubes 
vi Q o Q o a o o «3 » & <!• & © 
I  I I  ' '  I I  I I I  I  
f  I I  I  I I  i i  I I  I I  I I  I I  I I  I I  i i  I I  I I  I I  I I  I I  I I  | i  
glass bead 
Fig, 12. Diagram of the apparatus used for the study of decomposition of 
plant materials under controlled moisture conditions. 
i 
VI 
I 
Fig. 1>. Interior arrangement of the insulated box. 
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Cartoon dioxide abaorptlon and meaaureiaait 
Pettenkoffer tubes were employed for the absorption 
of carbon dioxide. Xhe arrangement of the absorption 
tubes Is shown In Figure 14* Standard sodium hydroxide 
solution was used as the absorbing medium and the solutions 
were removed and the carbon dioxide was determined at 
dally Intervals by precipitating the carbonate with 
barium chloride and titrating the excess sodium hydroxide 
with standard hydrochloric acid* 
Humidity standardization and control 
!£he capillary aeration controls were placed between 
the humidifying chambers and the plant sample containers 
because it was thoxxght that such an arrangement would 
facilitate the regular determination of the evolved 
carbon dioxide* If they wore placed In the system 
following the absorption tubes* added work would be 
necessary In making the regular carbon dioxide determi­
nations* Placing the capillaries between the plant 
samples and the absorption tubes* however* made them 
subject to the hasard of clogging because of moisture 
condensation* 
^e position of the capillary controls necessitated 
making calculated corrections in the humidity of air 
'streams* 
When pressure gradients are employed to force air 
Fig, 14. Arrangement of Pettenkoffer tubes for absorption 
of carbon dioxide. 
-56-
throiigh a system and hnualdity is to be oontrolled> the 
position of the capillary restriction nith reference to 
the humidifying solution and the plant sample ie important* 
The partial vapor pressure of nater is a function of 
temperature only. If air is humidified under pressure 
and then removed from the liquid phase and the external 
pressure reduced* a corresponding reduction in the 
aqueous vapor tension results* If the control capillary 
is placed betveen the hvtmidifying solution and the plant 
samples the relative humidity obtained above the humidity 
solution no longer represents that obtaining at the plant 
sample container* The chaxige in vapor pressure is pro­
portional to the ratio of internal and external pressures. 
The relative humidity conditions obtaining in the 
air streams at the plant samples were calculated* These 
calculated values are shoim in Table 9 alozig with the 
respective concentrations of sulfuric acid used in the 
humidifying chambers* The calculation was done by multi­
plying the relative humidity figures obtaining at the 
humidifying chambers by a factor equal to the ratio of 
the external and internal pressures* The extemml 
pressure was equal to the atmospheiicpressure* The 
internal pressures mere equal to the atmospheric pressure 
plus additional increments equal respectively to columns 
of water 12 and 24 inches in height* Some fluctuations 
occurred in the ataaospheric pressure* However# since 
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Table 9« Relative humidities produced by ^ 2^% solutions 
' " » ' s Air saturated under 
ml 96^ lAlr saturated under tthe follow^g external pressures 
HgSOA mo external pressure: 
per 100 t ^ gradient : 
ml water1 26°C 12®C 37OC t 25®C 
in 
water 
12®C 37®C 
24 in 
water 
25®C 
93.9 16.0 13.6 16.4 14.6 13.2 15.9 14.2 
53.3 37.7 36.1 39.3 36.6 35.1 38.1 35.6 
37.6 58.4 67.2 59.6 56.7 55.5 57.9 55.1 
29.7 68.5 67.5 69.5 66.5 65.5 67.5 64.7 
22.6 78.7 77.9 79.4 76.4 75.6 77.1 74.3 
19.0 83.3 82.7 83.8 80.8 80.3 81.3 78.6 
14.3 88.5 88.2 88.9 85.9 85.6 86.3 83.5 
8*0 94.8 94.5 95.0 92.0 91.8 92.3 89.4 
0.0 100.0 100.0 100.0 97.1 97.1 97.1 94.4 
the pressure gradient remained constant* these fluctuations 
had but a minor Influence upon the pressure ratios* An 
average ratio was employed for each pressure gradient to 
make corrections of the relative humidity. 
Humidity measurement In the air streams 
A verification of the calcvilatlons and a check on the 
humidity conditions of the air streams were made by the 
use of electric hygrometer colls. l?he use of these colls 
for the measurement of relative humidity has been de­
veloped to a relatively high degree of efficiency. The 
oolls most widely used were developed by F. W. I>unmore (8) 
for use in radiosonde. 
!Ehe coils consist of parallel wire poles wound on an 
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insulated cylinder and covered with, a porous plastic 
vbich is impregnated with lithixua chloride* The conduc­
tivity of the porous plastic is a function of the moisture 
of the atmosphere* 
Each hygrometer coil is designed and constructed to 
cover a given humidity range* In operation an apparatus 
is arranged to measure electrical conductivity* Either AC 
or DC circuits may be used* In Figure 15 Is shown the 
circuit arrangement employed in this study* The conduc­
tivity of each coil was calibrated against known humidity 
and temperature conditions* Galvanometer deflections were 
plotted against relative humidity and standard calibration 
cxirves were constructed* In the construction of the 
apparatus the maximum range of conductivity of the coils 
was detezmined and and B2 adjusted to give ^e largest 
range of galvanometer deflections for the range in conduc­
tivity of the oolls* 
In calibration the coils were suspended under a rub­
ber stopper which fitted a wide moi\th flask# the arrange­
ment of which la shown In Figure 16* The leads from the 
coll were Inserted through glass tubes properly placed in 
the stopper* To hold the colls rigidly in place the leads 
were sealed in with wax* Standardised solutions of 
sulfuric acid designed to give definite relative humidity 
conditions were placed In the bottom of the flasks* The 
stopper fr^ i^ch was suspended the hygrometer coil was 
-58-
r©n 
vVW 
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—J 
Fig, 15, iiViring diagram for use with hygrometer coils. 
^1 
R2 
B 
S 
G 
5000 ohm damping resistance 
20000 .ohm sensitivity control 
0,5 meg, ohm series resistance 
i/tinmore type hygrometer coil 
battery (90 volts) 
sv7itch 
galvanometer (general type) 
uex -coils suspended from rubber stoppers 
carefully inserted taking extreme precautions not to 
touch the coil to any part of the flask likely to be 
contaminated with acid. 
Moisture equilibrium betveen the coils and the 
humidified atmosphere is reported to be rapid* However* 
to insure good equilibrium conditions the coils were left 
in the flasks for one hour before readings were taken* 
For the measurement of the relative humidity con­
ditions of unknown air streams the arrangement shown in 
the f03n)ground of Figure 16 was employed* One openiztg of 
the leaching funnel is connected to the aou3*ce of humidified 
air* Moisture equilibrium in the moving air stream is 
rapid and measurement may be taken within 0*5 to 1*0 hour* 
The coils lAiich were designed for the measurement of 
the lower relative humidities proved very satisfactory 
and the results obtained in their use were reproducible, 
fhe coil used in the measurement of the higher humidities* 
77 to 99 per cent* gave erratic results* !Che deflection 
values obtained from one day to the next varied systematical­
ly* Whether the erratic results were merely characteristic 
of the one vmit or idiether they were typical of all coils 
constructed for use at the higher humidities was not de-
tenuined in this study* 
The conductivity-humidity curves obtained by the use 
of the high humidity coil were regular and indicated a 
continuous relationship* Two of the curves obtained iire 
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shown in Figure 17, Because the curves appeared to b© 
continuous and follow a regular pattern a system was de­
vised to employ the res^^lts for the measurement of unknown 
relative hutaidities. 
Measurement was desired of humidity conditions in 
air streams employed in decomposition studies* To obtain 
accurate results in these measurements the uaaknown humidity 
conditions were measured intermittently along with the 
known humidities• By this means the unknowns were subject 
to the same set of conditions as the known^^^d measured 
in the same sequence starting with the lower humidity 
values and finishint^ with measurements of the highest 
humidity. Curves were plotted on graph paper using the 
known humidities and the corresponding conductivity read­
ings. From the conductivity readings of the unknowns the 
relative humidity conditions were estimated* In Table 10 
are given the measured humidity conditions produced in 
the air streams of the decomposition apparatus in com­
parison with those that were calculated to obtain under 
the conditions employed. 
Temperature control 
The temperatu2»e of the decomposition experiments was 
controlled by placing the entire apparatus in a large in­
sulated box» the temperature of which was controlled to 
within Air was forced over the humidifying solution 
—62" 
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Fig, 17, 'calibration curves for hygrometer coils showing 
magnitude of variation in galvanometer readings on 
successive days. 
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Table 10* Calculated and observed relative humidities 
of circulating air streams 
^ Per cent relative humidity of air streams 
' Saturated under sSaturated under a pressure 
* no external {gradient equal to 24 In 
per 100 ml: pressure :of water at 250C 
water » gradient J 
ml 96% 
0,00 
7.96 
14.26 
19.00 
100.0 
94.8 
88.5 
83.3 
Calculated 
94.4 
89.4 
83.5 
78.6 
Observed 
96.0 
89.0 
84.0 
79.5 
and through the plant samples and absorption tubes by 
employing a small pressure gradient eqvial to 24 inches 
of water. 
Results 
Decomposition under conditions of moisture saturation 
Varying amounts of water may be retained by plant 
xaaterials under conditions termed as saturation* Oat strav^ 
for exangple# will absorb from 35-45 per cent water (dry 
weight basis) from a saturated atmosphere. The same 
material will retain from 250-300 per cent water after 
complete satitration from a liquid phase* 
Several series of experln^nts were conducted to de­
termine the influence of veu*ying amounts of water in the 
saturation range on the decomposition of oat straw. Two 
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samples of oat straw were employed# three moisture levels# 
and a number of temperatures# the sequence differing with 
each straw sample* In Table 11 are shown the results ob­
tained with straw sample No. 1« These results are com­
pared with the decomposition rate obtained i^ere the 
moisture is added by sorption from a moist atmosphere. 
Moisture markedly Influenced the rate of decomposition# 
and the length of time that elapsed before vigorous de-^  
composition commenced. Where the molstixre content was 
high# the peak rate of carbon dioxide evolution at all 
temperatures esccept 12^C was foxmd to occur in the first 
V 
24 hour period. At lower temperatu]?es and lower moistures# 
the peak rate period was delayed. The higher moisture 
oontenta appeared to stimulate a greater general rate of 
decomposition throughout the whole course of the ex­
periment. This tendency is distinct at all temperatures# 
except 60®C, At 12®# 25® and 37®C the carbon dioxide 
produced at each daily interval from the samples with 
250 per cent of water was greater than that produced in 
the samples containing 150 per cent of waterj notwith­
standing# the peak rate in both samples occurred early 
in the experiment and during comparable 24 hour periods. 
At 50®C the major effect of high molst\u>e was in stimu­
lating early vigorous microbiological activity. As the 
experiment progressed# the high moisture samples began 
to lose their initial advantage until at the end of the 
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Table 11* Decomposition of oat straw at various 
temperatiires and moisture contents in the 
saturation range 
Water initial- Milligrams of carbon dioxide per gram of 
ly added per straw per 24 hour incubation period 
gram of straw* iiours-incubation 
ml 0-24 24-48 48-72 72-96 96-120 120-144 
120C 
0.0 •»«» 0.6 0.3 • •  0.7 4.2 
— 0.1 0.3 — 0.5 2.4 
0.6 __ 10.0 14.6 3.4 8.5 5.6 
0.7 8.9 13.1 9.8 8.0 6.6 
1.5 4.1 22.8 12.5 9.0 9.8 9.1 
4.1 22.8 12.1 8.6 9.8 9.6 
2.5 11.5 23.2 12.5 10.3 10.8 10.9 
11.7 22.6 12.5 10.0 11.0 11.6 
250c 
0.0 3.6 2.2 1.0 1.9 6.4 8.5 
0.2 1.5 5.1 8.8 0.7 8.1 
0.6 15.3 26.6 13.4 6.4 7.1 2.2 
19.0 31.8 19.3 4.8 5.6 5.8 
1.5 50,5 33.2 19.5 15.4 14.4 12.0 
38.9 25.9 20.5 18.0 16.1 13.9 
2.5 33.7 24.2 21.0 21.2 21.0 19.0 
44.5 34.9 26.1 21.2 18.8 19.1 
Samples aerated with saturated air stream. Where no 
water was added at the beginning# moisture was absorbed 
frcsa the air stream tintll equilibrium was attained. 
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Table 11• Continued 
Water Initial- Milligrams of carbon dioxide per ^am "oT 
ly added per straw per 24 hour Incubation period 
gram of straw* Hours-incubation 
ml 0-24 24-48 48-72 72-96 96-120 120-144 
37OC 
0.0 1.8 
2.3 
6.8 
7.7 
19.3 
19.3 
10.0 
13.3 
10.2 
10.9 
13.1 
9.2 
0.6 22.5 
19.1 
33.4 
32.3 
23.4 
20.3 
16.9 
15.3 
10.2 
10.7 
3.0 
7.8 
1.5 46.5 
39.6 
29.3 
28.6 
24.6 
22.5 
19.6 
17.3 
14.9 
12.5 
11.7 
8.7 
2.5 52.7 
48.3 
33.9 
31.8 
50' 
27.8 
24.4 
°C 
21.9 
23.3 
18.5 
19.0 
14.7 
14.7 
0.0 3.1 
3.1 
5.6 
7.9 
27.1 
31.7 
38.1 
50.7 
36.8 
21.5 
26.2 
32.8 
0.6 12.5 
10.4 
35.7 
41.5 
35.7 
45.4 
29.1 
36.1 
26.6 
31.5 
21.3 
23.0 
1.5 57.7 
55.5 
38.9 
46.2 
24.4 
30.5 
20.7 
22.9 
19.0 
19.0 
14.5 
14.8 
2.5 75.1 
72.8 
45.4 
42.0 
30.8 
27.1 
22 .5 
20.2 
19.0 
18.0 
6.2 
14.8 
Samples aerated with saturated air stream. Where no 
water was added at the beginning# moisture was absorbed 
from the air stream until equilibrium was attained. 
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6 days the low moisture samples were evolvlxig carbon 
dioxide at greater rates than tJie samples with higher 
moistures* 
Total carbon dioxide evolved in 144 hours was used 
aa an index for comparisons of the influence of moisture 
and temperature* Such an arbitrary standard has its 
limitations* It was chosen primarily because the first 
peak rate of carbon dioxide evolution occurred in all 
instances early in the experiment and the second maximum* 
so often observed in biological decomposition of plant 
materials with mixed microflora» had not developed. The 
milligrams of carbon dioxide liberated in 144 hours are 
shown in Table 12 for the several temperatures and moisture 
contents and for the two samples of straw* 
Total carbon dioxide production in 144 hours was 
greatest at the higher moisture level. The increased de­
composition# however# was not proportional to the increase 
in moistuxfe content. Increase in moisture from 60 to 150 
per cent produced only about a 50 per cent increase in 
carbon dioxide production. Two hundred fifty per cent 
moisture brought about only 10 to 15 per cent more 
decomposition than 150 per cent moisture. 
Baising the temperature# in general# increased the 
decomposition* This varied with the straw samples. 
£a straw sample Ko. 2 the greatest quantity of carbon 
dioxide was produced at 40®C. For straw sample No. 1 the 
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Table 12• Milligrams of carbon dioxide produced under 
different levels of moisture and temperature 
in 144 hours 
Moisture content 
Temperature 60 Per cent 150 Per cent : 250 Per cent 
degrees 
centigrade 
straw 
No.l i^o.2 
straw : straw 
No.l No.2 : No.l No.2 
12 42.1 
47.1 
67.3 
67.0 
78.2 
79.4 
20 69.0 8S.7 98.0 
25 71.0 
86.3 
88.4 145.0 
133.6 
116.4 140.1 
164.6 
128.4 
140.9 
35 194.2; 
201.4: 
236.5 
248.4 
211.1 
226.9 
37 109.4 
105.5 
: 146.6 
: 129.2 
169.5 
161.3 
40 
i 
% 
238.3: 
• 
259.7 
276.3 
291.5 
274.0 
50 160.9 
187.9 
155.7: 175.2 
203.3: 188.9 
190.5 
213.6 
199.0 
194.9 
228.7 
256.5 
maximum quantity of decomposition was found at 50®C. 
Decomposition under unsaturated moisture conditions 
Several experiments were carried out to evaluate the 
Influence of low moisture content on the rate of decompo­
sition of mature plant materials and to Investigate the 
moisture conditions limiting microbiological activity. 
The moisture contents in the plant material samples were 
adjusted and maintained by the use of humidified air 
streams* and carbon dioxide evolution was employed as a 
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measure of the rate of decomposition* The rates of de­
composition of the several plant materials under the vary 
ing moisture and tempeimture levels are shown in Figures 
IB and 19» 
The caroon dioxide rate curves obtained follow a 
pattern normal for biological activity in such materials* 
The initial carbon dioxide evolution is low but rapidly 
reaches a maximum rate value* The period of peak evo­
lution is maintained for only a short time and is rapidly 
followed by a period of reduced activity. 
The initial lag or incubation period before appreci­
able quantities of carbon dioxide are liberated is the 
suit of two factors which caxmot be separately evaluated* 
The one factor is the natural incubation period (lag 
phase) displayed by all microorganisms in the initial 
stages of attack on a substrate* It represents a period 
of rapid Increase in numbers of organisms* 
The second factor contributing toward the lag period 
is initial lack of moisture* At the beginning of the 
experiments the plant material samples were air dry* 
Molst^^e equilibrium was not approached until the end of 
a 24 hour period or longer# the time depending upon the 
relative humidity and the temperature* %e incubation 
period therefore occurred as the moisture content of the 
substrate moved up toward the equlllbrlim value* 
At the higher relative humidities the rate of 
! 
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The influence of low moisture contents (below 
ion) at a series of temperatures on the rate of 
decomposition of alfalfa and oat straw. 
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decomposition was greatest. The maxlanum rate* however^ 
varied considerably among the several plant materials. 
The rate of biological activity in the plant 
materials studied* as measured by carbon dioxide evolution* 
vas foimd to occur in alfalfa* Sudan grass vas attacked 
somewhat less rapidly* ivhile the least miorobiologioal 
activity occurred in sudan grass roots* These divergent 
rates of decomposition reflect differences in the compo­
sition of the plant materials* At about 81 per cent 
relative humidity appreciable decomposition occurred only 
in the alfalfa sample and only then at the higher ten^er-
atures — 25^and 37^0• At the same temperatures appreci­
able decomposition in oat straw occurred only at about 
83 per cent relative humidity and above* At 26^ C no 
appreciable decomposition took place in pine needles or 
Sudan grass roots below 92 per cent relative humidity* 
At the higher humidities the lag period was found to 
be shortened* The longer lag periods at the lower rela­
tive humidities cazmot be attributed to incomplete es­
tablishment of moisture equilibrium* Preliminary data 
(Part XI) showed moisture equilibrium is established more 
rapidly at the lower humidities* 
Temperature had a pronounced influence on the rate of 
decomposition* At 37^C active decomposition was evident 
at the higher humidities by the end of the second day* At 
25^C deeonqposition was not evident until the third day* 
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and at 12^C the mlerobiologloal activity was delayed muoh 
longer* Not only was deooaqposltlon initiated more rapidly 
at the higher temperatiires* but the rates of carbon dioxide 
evolution remained higher during the course of the ejqperi-
rnent* Water sorption^ on the other hsnd# was greatest at 
the lower temperatures (Part II)* 
Total carbon dioxide evolved in a period of 144 
hours after moisture equilibrium was essentially attained# 
is used as the index of comparison between plant samples 
and treatments* At the lower temperatures this includes 
a longer period of incubation because of the slower 
moisture sox>ption* This type of comparison is subject to 
certain limitations. The various components which to­
gether make up the fabric of the plant tissues are not of 
equal availability and# moreover# the structure of the 
tissues may Influence their decomposibllity« The time of 
decomposition# therefore# is of major importance in mak­
ing comparisons between plant materials# and particularly 
is this so iriien the decon^osition time is relatively 
short* 
Another factor which complleates direct comparison 
of the decomposition rates smong plant materials at given 
temperatures and relative humidities is the different 
equilibrium moisture contents attained by different types 
of plant material incubated at equal relative humidities* 
These moisture sorptl<m differences# however# were found 
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to be oloaeXy related to the extent of decomposition of 
any one plant material* 
The influence of moisture content and moisture tension on 
decomposition 
Biological decomposition is influenced in the lov 
moisture ranges by both the moisture tension and the 
total moisture content* In Table 13 are tabulated the 
quantities of carbon dioxide produced from the various 
plant materials during comparable time intervals at three 
temperatures and four levels of relative humidity* The 
rate of decomposition is inversely proportional to 
moisture tension and directly proportional to moisture 
content within the range of moisture contents under 
investigation. This would be esgpected on the basis of 
the relationship between relative humidity and moisture 
sorption by plant material* Heither moisture tension 
nor moisture content alone# however* provides an un­
qualified explanation of the rates of decomposition* 
For example# at 94*4 per cent relative humidity and 
2fi^C the mean carbon dioxide produced in 144 hours from 
alfalfa was 144*3 mg# from sudan grass# 92*3# from oat 
straw# 32*9# from hesap bark# 19*8# from pine needles# 
12*5# and from sudan grass roots# 10*2* The respective 
moisture contents in these plant materials were 44*2# 
33*9# 33*5# 34*6# 25*6# and 18*3 per cent* 
Table 13. Carbon dioxide evolution and moisture sorption by one gram samples 
of plant materials incubated at controlled temperatures and relative humidities 
Per : Alfalfa :Sudan grass 
cent;Moisture CO2 xMoisture CO2 
RH : % mg t % ma 
Oat straw 
Moisture COg 
Hemp bark 
Moisture CO2 
i Sudan 
Pine needles :grasa roots 
Moisture CO2 sMoisture CO2 
^ ^ 
Absorption 37 C - incubation period 144 hours 
97.1 49.6 186.3 38.0 75.4 43.6 57.8 29.8 28.6 
50.3 225.6 52.1 94.4 51.0 69.1 31.0 35.4 
92.3 47.2 191.0 37.2 57.0 32.5 33.2 26.9 24.9 
44.5 172.5 34.6 56.1 32.9 31.9 27.0 31.2 
86.3 25.3 108.4 19.9 9.7 19.5 6.0 18.1 4.3 
24.8 102.0 18.7 11.2 17.4 3.2 17.8 3.3 
81.3 23.0 7.2 16.2 1.3 15.9 1.2 15.8 3.1 
22.9 9.0 15.9 0.4 15.9 1.0 15.7 3.1 
Absorption 25°C - incubation period 192 hours 
97.1 45.9 165.2 37.9 90.3 32.9 34.2 34.7 26.2 27.7 19.3 20.4 19.7 
47.2 170.2 37.9 99.9 33.3 43.1 33.7 19.1 27.9 17.5 21.2 14.1 
92.0 33.7 137.6 26.1 80.6 24.2 15.9 24.4 11.5 21.8 9.1 16.7 11.6 
34.1 135.2 25.3 84.2 24.5 15.1 25.3 13.7 21.5 11.2 16.1 9.3 
85.9 27.4 78 »4 22.3 36.8 19.2 3.1 18.9 2.2 17.3 1.7 12.2 1.7 
27.0 84.9 21.8 47.7 19.1 2.9 19.3 1.4 17.1 0.9 12.6 2.6 
80,8 21.4 2.3 18.1 2.5 16.7 0.0 15.9 0.7 16.0 0.2 10.9 0.0 
21.3 2.5 18.3 2.8 16.2 0.0 16.1 0.2 14.9 0.0 11.4 0.0 
i^esorption - incubation period 192 hours 
94.4 43.5 
44.9 
145.9 
142.7 
33.4 91.4 
34.5 93.3 
29.3 22.3 36.8 24.1 . 26.4 11.1 18.7 9.5 
37.7 43.5 32.5 15.4 24.7 13.8 17»8 10.9 
89.4 30.4 119.8 25.6 65.7 24.4 12.0 24.0 10.4 20.6 1.5 13.7 4-4 

Absorption 25°C - incubation period 192 hoiirs 
97.1 45.9 
47.2 
165.2 
170.2 
37.9 
37.9 
90.3 
99.9 
32.9 
33.3 
34.2 
43.1 
34.7 
33.7 
26.2 
19.1 
27.7 
27.9 
19.3 
17.5 
20.4 
21.2 
19.7 
14.1 
92.0 33.7 
34.1 
137.6 
135.2 
26.1 
25.3 
80.6 
84.2 
24.2 
24.5 
15.9 
15.1 
24.4 
25.3 
11.5 
13.7 
21.8 
21.5 
9.1 
11.2 
16.7 
16.1 
11.6 
9.3 
85*9 27.4 
27.0 
78.4 
84.9 
22.3 
21.8 
36.8 
47.7 
19.2 
19.1 
3.1 
2.9 
18.9 
19.3 
2.2 
1.4 
17.3 
17.1 
1.7 
0.9 
12.2 
12.6 
1.7 
2.6 
80,8 21.4 
21.3 
2.3 
2.5 
18.1 
18.3 
2.5 
2.8 
16.7 
16.2 
0.0 
0.0 
15.9 
16.1 
0.7 
0.2 
16.0 
14.9 
0.2 
0.0 
10.9 
11.4 
0.0 
0.0 
i^eaorption 25°C - Incubation period 192 Ixours 
94.4 43.5 
44.9 
145.9 
142.7 
33.4 
34.5 
91.4 
93.3 
29.3 
37.7 
22.3 
43.5 
36.8 
32.5 
24.1 
15.4 
26.4 
24.7 
11.1 
13.8 
18.7 
17.8 
9.5 
10.9 
89,4 30.4 
30.2 
119.8 
122.1 
25.6 
23.6 
65.7 
73.5 
24.4 
22.6 
12.0 
9.8 
24.0 
21.9 
10.4 
11.3 
20.6 
20.0 
1.5 
3.7 
13.7 
14.5 
4.4 
4.8 
83.5 23.7 
23.6 
90.0 
90.3 
20.7 
20.8 
48.0 
51.6 
19.1 
18.8 
6.6 
5.0 
18.4 
17.9 
2.9 
3.3 
15.7 
17.3 
1.3 
1.4 
11-4 
11.7 
2.1 
1.7 
78.6 19.7 
19.4 
31.3 
26.0 
16.1 
16.7 
6.0 
1.7 
16.7 
15.3 
2.0 
1.4 
15.3 
14.9 
0.5 
0.4 
14.3 
14.4 
0.8 
0.2 
9.0 
10.4 
0.2 
0.8 
Absorption 12®C - incubation period 288 hours 
97.1 40.2 
54.4 
20.6 
112.3 
24.0 
25.5 
3.4 
0.9 
28.9 
33.7 
2.8 
3.6 
19.9 
26.8 
1.4 
3.5 
91.8 38.2 
50,5 
9.4 
36.4 
30.0 
28.9 
9.8 
6.1 
26.4 
29.3 
1.9 
2.8 
23.6 
22.7 
1.7 
3.1 
85.6 38.7 
30.3 
30.6 
5.0 
29.2 
23.7 
8.9 
3.2 
22.2 
21.5 
1.0 
1.2 
22.6 
21.1 
2.3 
1.6 
80.3 32.7 
32.6 
1.6 
0.5 
24.4 
29.5 
1.2 
0.3 
23.5 
28.7 
1.7 
1.1 
24.3 
25.4 
0.7 
1.5 

I 
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Tbia relationship makes it appear that the rats of decoa-
position is determined to a large extent by the moisture 
content* At equal moisture contents* hOfrever» decompo­
sition varied markedly* From alfalfa at 23 per cent 
moisture« 90 mg carbon dioxide were evolved in 144 hours 
at 25^C* Shirty-three per cent of moisture was required 
to produce about the same amount of carbon dioxide from 
oat straw at the seme temperature* In sudan grass 25 per 
cent moisture resulted in the evolution of about 67 jog 
carbon dioxide> while a like moisture content in pine 
needles produced only about 12*5 mg* 
These data serve to emphasize the large differences 
between plant loaterials* Alfalfa at higher moisture 
tensions supported the most rapid rates of decomposition* 
Alfalfa also is the most hygroscopic* fhe differences 
in moisture soipption between alfalfa and sudan grass roots* 
however* do not explain the large diffex»ences in sus­
ceptibility to decomposition* 
It will be noted that in some Instances substeintial 
differences occuri^ed in the extent of decomposition 
between duplicate samples* These large differences In 
decomposition usually parallel similar differences in 
moisture sorption* She higher moistiire contents* no 
doubt# were a big factor in stimulating more rapid de­
composition* She moisture variations noted to be related 
to the variations in carbon dioxide evolution may* however* 
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h&ve been about as much the result of biological activity 
aa they vere the contrlbutox*y cause* 
Water is a product of decomposition. Those samples 
that decompose the most rapidly have added to them the 
largest quantity of water* The added water in turn 
serves to accelerate decomposition* The two conditions 
are supplementary and as long as the added water is re­
tained by the sample, evaluation of its influence will be 
difficult* 
Where the moisture is held constant and additional 
water is removed from the system as rapidly as it is 
produced* it is possible to evaluate better the influence 
of moisture on decomposition* She study of decomposition 
accompanying desorption of plant sao^les at 25^0 most 
nearly approaches this condition* In this study the 
samples were initially wet by sorption for 24 hours 
from an air stream held at 94*4 per cent relative humidity# 
and then moisture was removed by aerating at a lower 
relative humidity* il>ecomposition accompanied desorption 
of the samples* Kost of the moisture produced by micro­
biological activity was removed in the air stream and 
large differences between duplicate samples in moisture 
content and carbon dioxide evolution are much less 
frequent than is found where decomposition accompanies 
absorption* 
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Thresfaold nolitxire T>lue» 
The final Moiature contents are plotted against the 
extent of decoaposition in Pigxire 80* Por each plant 
material the relationship between moisture content and 
deoonposition appears rather good* There are# however# 
variations between plant samples* From the plotted data 
it is possible to arrive at an estimate of the moisture 
contents which limit active biological decomposition of 
the several plant materials* Data from the experiments 
at 25^ and 57^C tend to suggest about the same threshold 
moisture contents* 
A moisture content of about 20 per cent appears to 
be the threshold value for alfalfa* Zhis moisture content 
is obtained at 25'^ or 570C between 75 and 80 per cent 
relative humidity* For sudan grass the limiting moisture 
value is about 14-16 per cent* In oat straw# heoop bark 
and pine needles the threshold moisture content is about 
16-17 per cent* Biological activity appears to occur In 
Sudan grass roots lAien the moisture reaches 10-12 per cent* 
Zhis critical moisture range is produced in sudan grass# 
oat straw and hemp baric at relative humidities between 
77-82 per cent* For pine needles and sudan grass roots 
80-86 per cent relative hiimidity is required to produce 
the threshold moisture conditions* 
In general# deoompoaltion is initiated at lower 
relative humidities in those plant materials which 
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abaorb the greatest quantities of water. 
Discussion 
Xhe relationship betveen moisture content and micro­
biological activity In plant materials is not simple. 
Until a certain threshold moisture content is reached no 
measurable decomposition occurs. In the case of oat strav 
this 'nas 16 per cent (TableSixteen per cent moisture 
in oat straw is in equilibrium vith an atmosphere of about 
80 per cent relative humidity* Sudi moisture is strongly 
absorbed by the cell wall and other plant constituents 
presumably in a manner that does not provide an adequate 
environment for microbial grovth* Most soil bacteria are 
of such a size that their minimum diameter is 0«5 to 0*5 
micron* It is both reasonable and probable that the 
organisms to be active are encompassed by a film of waters 
but it is not necessary to assume that the surfaces vould 
need to be uniformly covered vith a film at least 0.3 to 
0»& micron in thickness. Shis would call for a moisture 
content far higher than the limiting value for activity* 
However# plant materials are structurally complex* Shey 
cannot be considered in terms of plane surfaces* Ilie cell 
wall is a reticulate system partly oriented# partly 
amorphous# laminated and imperfect* Ija such a system 
there are imperfections# spaces and capillaries of all 
sises upward from those existing between the cellulose 
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Table 14* Decomposition of 
relative humldityt moistxire 
of pore else filled at 
oat strav in relation to 
ccntentf pF and the radius 
moisture equilibrium 
Relative 
humidity pP r 
Per cent 
moisture in 
oat straw 
coe per gram 
straw in 144 
hours 
agr 
Saturation 250 152 
Saturation 150 139 
Saturation 60 79 
99.999 1.50 46.40 
99.99 2.10 11.60 
99.9 S.15 1.09 
99.0 4.15 0.109 
98.S 4.40 0.059 
97.1 4.69 0.058 36 40 
9S.0 5.06 0.013 24 16 
90,0 6.16 0.010 
85.9 5.32 0.007 19 4.2 
30.8 5.47 0.005 16 1.0 
70.0 5.69 0.003 
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orystallltes* Furthermoro« the cellular structure of 
plants Is such that for physical reasons moisture ab­
sorption is complex* Xhe phenomenon of swelling which 
follows absorption must result in changes in the size and 
position of submicroscopic channels and pores. Moisture 
retention is increased as the structure of a tissue be­
comes more complex. At the same relative humidity# 
cotton cellulose retains more water than does rayon# 
wood pulp retains more than cotton# wood retains more 
than wood pulp« At a relative humidity of 80 per cent 
irtiieh was found to be limiting for oat straw# the equiva­
lent pF is 4.5 and by calculation it can be determined 
that capillaries or channels that would be filled by 
condensation at that moisture tension would be limited 
to those less than 0.005 micron in diameter# which is 
far smaller than the average organism* A relative 
humidity greater than 99 per cent would be necessary 
before capillaries or channels of sufficient diameter to 
harbor bacteria would fill with water* Yet it was 
apparent that at equilibrium moisture contents well be­
low this value appreciable decomposition took place* 
It can only be concluded that the moisture film that is 
necessary to permit extra-cellular ensymatic reactions 
and to provide for the microbial cell activities is not 
thick* 
The threshold moistxire contents determined 
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experimentally are not adequately ejqplained on the basis 
of moisture tension. Biological activity# in fact* seems 
8om«vhat more closely related to per cent moisture content 
than to moisture tension* 
As the moisture content of oat straw is increased 
from the threshold moisture content to the maximum vater 
holding capacity# the Influence of moisture on decompoaitlon 
becomes less pronounced* At low moisture contents micro­
biological activity Increases rapidly with each small 
Increment of added water# but# as saturation is approached# 
Increased moisture has little effect and the deoomposltlon 
rate tends to approach a constant level* With Insoluble 
substrates# such as mature plant materials# as the 
moisture approaches saturation# the surface area avail­
able to microbial attack appears to become the Important 
limiting factor* At lower mioisture contents water film 
areas suitable for the growth of mloroorganlsma perhaps 
limit the quantity of decomposition* 
It my well be that plant materials as used In this 
work are unhomogeneous to the extent that mlcro-envlron-
ments In the tissues differ considerably. Uolsture 
transfer to or from unsaturated plant materials in a 
static atmosphere is quite slow—far slower than is 
the ease with plane surfaces or homogeneous particulate 
material that is non-absorbent aid doss not exhibit the 
property of swelling. Moreover# deoomposltlon under 
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conditlons of limited -water supply ia in a sense an auto-
catalytic process. As small foci of decomposition are 
set up* both imter and heat are produced by microbial 
action and may not be carried away as rapidly as liberated. 
In such circumstances decomposition may proceed locally 
even thoxigh the atmosphere surrounding the substrate as 
a whole is not particularly conducive to biological 
activity* For this reason studies on the threshold 
moisture and temperature values should preferably be 
carried out in apparatus that provides for circulation of 
the controlled atmosphere in order that a rapid inter­
change of moisture and temperature may be facilitated* 
Summary and Conclusions 
1* A series of experiments was conducted to evaluate 
the influence of moisture and teo^erature on the decompo­
sition of some mature plant materials and to investigate 
the threshold moisture contents permitting initiation of 
microbiological activity, 
2* Increases in moisture content in the lower 
moisture range were more influential in promoting inr 
creased decomposition of oat straw than were comparable 
moisture increases in the upper moisture range* 
3* The threshold moisture conditions for active 
decomposition* as indicated by the data* at 25^  and 37^ C 
are as follows t for alfalfa# 20 per cent moisture and 
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75 to 80 p«r o«at relative humldityi for audan ^ raa8» 
14-16 per cent moisture and 77-82 per oent relative 
humidity; for oat etraw and hemp hark* 15-17 per cent 
moiature and 77-82 per cent relative humidity; for 
pine needlea# 16-17 per cent moiature and 80-86 per oent 
relatiye humidityi and fbr audan graaa roota# 10-12 per 
oent moiature aiad 80-86 per oent relative humidity. 
4« Neither moiature tenaion nor moiature content 
can be uaed vAiolly to explain inhibition of microbiological 
aotlvity at low moisture contents* 
5« Temperature had a marked influence on deoompoaition* 
Increaaea in temperature ahortened the elapaed period 
before the peak rate of CO^ evolution waa reached* 
6* Under conditions where the atmoaphere la atatlo* 
different micro-environments may permit partial decom­
position of a substrate to occur even though the surround­
ing atmospheric conditions of moiature and temperature 
are adverae to microbiologioal activity. 
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THE INFLUENCE OP MOISTURE CONTENT AND INITIAL 
TEltPERATUHE OK BIOLOGICAL HEAT PRODUCTION IN 
OAT STRAW UNDER ADIABATIC CONDITIONS 
Introduction 
Heat evolution in decomposing plant materials has 
been the subject of a ntamber of studies* A comprehensive 
analysis of this problem and review of the important 
literature have been given by Carlyle (5) and Carlyle 
and Moraan (6)* 
A critical analysis of the nature of previous investi­
gations reveals that only a few phases of the problem have 
been the subject of intensive investigation* Among the 
phases of the problem i&ich have not been investigated 
are the influence of the moisture content of the substrate 
on the rate of heat evolution and the influence of initial 
temperature on the rate and extent of heat production* 
These latter factors are the subject of the investigation 
herein reported* 
Experimental 
Apparatus 
The apparatus employed for the study vas a 
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modlfieatlon of that developed by Horman» Richards and 
Carlyle (19)« It consisted of a large water bath in which 
was submerged the vessel containing tha decomposing plant 
material* The decomposition vessel consisted of a quart 
glass jar equipped with a special lid* The lid was 
equipped with a number of openings through which were 
Inserted thermocouples and leads for providing aeration* 
The water bath was const:ructed from an ordinary 
30 gallon capacity galvanized garbage can by enclosing 
it with a four inch thickness of glass wool Insulation* 
It was equipped with a motor stirrer/* a cooling coil» 
and electric heaters* In operation the temperature of 
the water bath was controlled and made to follow very 
closely (within 0*02® to 0*04^0) that of the decomposing 
substrate* This control was automatic and was accomplished 
by the use of thermocouples which activated a relay 
through the medium of a photoelectric cell and suitable 
amplifiers* 
Use was made of the apparatus to study the heat 
production snd carbon dioxide evolution resulting from 
biological decomposition of pleunt materials under adia-
batie conditions* The experimental procedure consisted 
of placing the wetted plant substrate in the decoiQpositlon 
vesseli aerating it with a source of humidified^ carbon 
dioxide-free air; and recording the temperattire of the 
vessel and the carbon dioxide production at specified 
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Intervals* The temperature readings were made by the use 
of thermocouples the e.m.f. of which was calibrated in 
terms of temperature (degrees C) lAien one Junction was 
ixuaersed in a melting ice bath at O^C. Carbon dioxide 
was absorbed in alkali and determined by an acid titration* 
Modifications in the decomposition vessel 
One major change in the design of the apparatus was 
made in the course of the studies reported herein* Shis 
change was in the design of the decomposition vessel* 
^e decomposition vessel (fermentation vessel) 
employed by Carlyle (5) was a simple quart capacity glass 
Jar equipped with a specially designed lid. This vessel 
was placed directly in the water bath* Under such 
conditions heat transfer either to or from the decomposing 
substrate could be quite appreciable even when the 
temperature differential was very small* 
She design of the improved decomposition vessel is 
shown in Figure 21* It consists of a copper substrate 
container suspended from the lid of an insulating chamber 
(aluminum pressure cooker)* 'iChis arrangement provided an 
insulating air space between the substrate and the water 
bath* 
Xbe substrate container was oade of thin copper 
plate* It was equipped at one end with three openings 
into which were sealed short lengths of pyrex glass 
! 
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Fig. 21. Diagram o? the improved decomposition 
vessel. 
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tublng* The lengths of tubing were attached to the 
substrate container and also to the outer chamber lid by 
the use of rubber gaskets held in place by brass retain­
ing nuts* !I!hese three pieces of glass tubing provided 
the mechanical means of suspending the substrate container 
from the lid of the insulating chamber* The two outer 
tubes also served as openings through which the thermo­
couples were inserted into the straw. The center tube 
served as part of the aerating system* 
A number of important features were incorporated into 
the design of the apparatus* First# the qxiantity of heat 
transfer from the substrate container to the water bath 
was held at a minimum* Other than the static air the 
only contacts between the inner and outer vessel were 
of glass and rubber* both substances being poor con­
ductors of heat* 
the design of the improved decomposition vessel 
provided for OiOre rapid and complete removal of the 
ecu>bon dioxide produced* In the apparatus of Korman» 
Richards and Carlyle (19) aeration of the substrate was 
provided by the use of two glass tubes both entering the 
vessel through the lid* One of the tubes terminated at 
the top of the vessel and one continued to the bottom* 
!Ehe one extending to the bottom of the vessel was placed 
in position after ttie vessel was filled with straw and 
as a result an air channel usually was produced along 
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the sides of the longer tube* 7hls ohaxmeXlng of the air 
stz^eam seriously limited the extent and rate of removal 
of the evolved carbon dioxide* 
In the Improved apparatus the chances of channeling 
the displacing air stream are mlnimizied* Air enters 
through the opening in the lid at the bottom of the 
vessel* The air was forced through the system by means 
of a small pressiire gradient and the flow rate vas 
controlled by means of capillary glass tubing at about 
one liter per hour. 
To ensure uniform aeration the openings at each end 
of the container were protected by perforated brass discs* 
These are indicated In Figure 21 by the broken lines at 
each end of the vessel* 
Results 
Carbon dioxide evolution as a measure of rate of 
decomposition 
In Figure 22 are shown the results of an experiment 
employing the Improved decomposition vessel* Hourly 
temperature readings and carbon dioxide determlnatlona 
were made* The rate of air flow through the system was 
about one liter per hour* The carbon dioxide curve lags 
behind the temperature curve by one to two hours and 
follows only the general patterns of change shown by the 
temperature* This is because in any short time 
T E M P E R A T U R E  
C O 2  
.22, 
20 22 24 26 
T I M E  —  H O U R S  
I'.ate of temperature rise and carbon dioxide recovery in the adiabatic 
apparatus employing;' the improved decomposition vesael. 
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Interval—an hour or less— the carbon dioxide is only 
partly removed from the de compos it ion vessel* More rapid 
rates of aeration would cause the carbon dioxide curve to 
follow more closely that of temperatvxre | however^ under 
the most favorable conditions of aeration the earbon di­
oxide could not be displaced from the system and determined 
concurrently with the temperature changes* For this 
reason rapid rates of aeration result in data that con­
tribute but little to a better interpretation of the 
temperature curves* Moreover* rapid rates of aeration 
increase the tendency for heat transfer to or from the 
decomposition vessel in the air stream* 
Influence of initial temperature on rate of heat 
production 
A series of ezperiments was carried out to study the 
influence of the Initial temperature on the rate of heat 
evolution from decomposlxig straw tmder adiabatic conditions* 
The results of these experiments are shown in Figure 25. 
Xhe initial temperatures were 26^* and 50^0* and the 
experiments were stopped when the temperature had reached 
about 50^0* All e:qperiment8 were performed in duplicate* 
A number of differences in the rate of temperature 
rise are evident f^^om l^e data* At ^  lower initial 
temperatures the incubation period was prolonged* The 
elapsed time before temperature rates began to rise 
Initial Initial 
• O w  4 - ^ ^ ^  o r > 0 .  
Initial 
iij ro 
32 36 40 
T I M E  —  H O U R S  
Fig.2o. Influence of starting temperature on the rate of heat production 
froni decompoGing oat straw in the adiabatic apparatus. 
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r&pldly were 6# 10» and 16 hours respectively when the 
initial temperatures were 20^» 25^ and 30^0, ^e greatest 
hourly increments of temperature rise were found when the 
initial temperatvire was 30°C« 
!nie hourly increments of temperature change 
occurred in all of the experiments nAien the temperature 
had risen about 4*8 degrees fz>om the starting temperature* 
!Chese maximum rates of temperature rise were followed in 
every case by a period during ii^ich the hourly increments 
of temperature became smaller* This phenomenon results 
in part* from an early depletion of the soluble constitu­
ents in the straw substrate which are readily available 
to microorganisms* 
The starting temperature has an important influence 
upon the characteristics of the heat change curves obtained 
with decoiqposlng plant materials under adiabatic conditions • 
The experiments conducted by Carlyle (5) were all started 
at or about 25^C« He found that the hourly tei^perature 
increments were at a maximum in the vicinity of 40^0 luider 
normal conditions* This maximum rate of temperature rise 
coincided with the nozual optimum temperature in the 
mesophilic range* The data reported herein# however* show 
that the temperatxire at which the maximum hourly temper­
ature increments occur is a function of the starting 
temperature and is not constant as appeared to be the case 
in the experiments carried out by Carlyle (S)* 
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ghe influence of moisture content upon the rate of 
temperature riae 
In Figure 24 ia ahotm the reaulta of a series of 
experiments designed to study the influence of moisture 
content upon the rate of temperature rise in decomposing 
straw under adiabatic conditions* All experiments were 
started at 25^C and some were allowed to continue xmtil 
a temperature of 70^C or even higher had been reached* 
The curres show that the pattern of temperature rise in 
the mesophilic range is similar for all of the experiments* 
In the thermophilic range# however# some differences may 
be observed* At the higher moisture contents—100 i>er 
cent and above—these variations are erratic and may well 
be ascribed to uncontrolled biological factors or differ-* 
ences induced by ununlform packing* The hourly increments 
of taaperature rise when the straw contained only 75 per 
cent of water are small and indicate reduced biological 
activity in the thermophilic range at the lower moisture 
contents* 
Although the hourly increments of temperature rise 
were quite similar at the several moisture contents 
studied, the quantity of dectmposltion in the several 
instances was quite different* Straw containing 275 per 
cent of water ia nearly saturated and is about optimum 
for maximum microbiological activity* At lower moisture 
contents microbiological activity was less but the 
10 15 20 5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20 25 30 ?0 50 60 
TIME -  HOURS 
Influence of moisture content on th.o rate of heat production from 
decomposing oat straw under adiatoatic conditions* 
-98-
corresponcLlngly smaller heat capacities of the systems 
resulted in comparable rates of temperature rise at the 
several moisture contents* 
The total heat capacity of the experimental system 
in each, experiment was the sum of the strawy the added 
water# and the experimental apparatus. The quantity of 
straw used in each case was 40 grams* The heat capacity 
of the apparatus (container* thermocouples etc.) was 
estimated to be equivalent to about 25 grams of water* 
Only the water content of the straw varied in each 
experiment* 
When the straw contained 275 per cent of moisture 
only about 16 per cent of tiie total heat capacity of the 
system was due to the apparatus* This is a small pro­
portion which would not markedly Influence the rate of 
temperature rise* Where the straw contained only 75 per 
cent of water, however# 33 per cent of the heat capacity 
of the system was accounted for by the apparatus* This 
proportion of additional heat absorbing material could 
have a substantial effect upon the rate of temperature 
rise* 
Summary and Conclusions 
1* Experiments were conducted to study the Influence 
of moisture content and the initial temperature on the 
rate of biological heat production from oat straw under 
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adlabatic oonditlons* 
2* A modification of tb& apparatus constructed and 
described by Norman* Richards and Carlyle (19) was used 
for the study. The modifications were in the design of 
the decomposition (fermentation) vessel. A description 
of the improved decomposition vessel is given. 
3. Xhe series of Initial temperatures studied were 
20^ f 25^ » and SO^ C. At the lower initial temperatures the 
incubation period was considerably prolonged. !£he largest 
hourly Increments of temperature rise ocoxurred when the 
initial temperature was SO^ C. Xhe largest hourly incre­
ments of temperature rise in each e^ e^riment occurred when 
the temperature had risen about 4-8 degrees above the 
starting temperature* 
4. The series of moisture contents studied were 275, 
22b» 1&0> 100 and 75 per cent. Hierobiological activity# 
as measured by heat production# was highest at the higher 
moisture content* At the lower moisture contents the rate 
of decomposition per gram of straw was less. The re­
duction in decomposition at the lower moisture contents 
was about the same order of magnitude as the reduction in 
heat capacity of the experimental system resulting in 
similar increments of teaqperature rise in all instances* 
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A SIMPLZPIED ADIABATIC AFFARATUS FOR STUJjIES 
OP BIOLOGICAL DECOMFOSITIOM 
Introduotlon 
Xh0 apparatus desorlbed In Part IV of this dlsaer* 
tatlon lias been found adapted to the study of heat evo­
lution by plant materials under a variety of conditions* 
In experiments in ibieh pure cultures are employed or 
the initial tenqperatures are low* rather loaig periods of 
time are required to complete a single experiment* so that 
often no more than one trial per week can be carried out 
in the adiabatic apparatus* It seemed desirable* therefore* 
to attenpt to devise equipment with much the same general 
characteristics* i^ich would be simpler and less expensive 
so that several units could be operated oonourrently* 
Such equipment is described below* It lacks the high 
sensitivity of the electrically controlled adiabatic 
apparatus* but is entirely satisfactory for many purposes* 
Apparatus 
Description of eauiiaaent 
Xhe simplified equipment consists of a deooi^position 
-101-
-Taasel enclosed In &n insulated box# the temperature of 
idiioh la controlled near to that of the former by means 
of a ^ aa pressure system* The inner or decomposition 
vessel (A in Figure 25) consists of a quart thermos hottle 
placed inside a large (gallon capacity) thermoa jar (B in 
Figure 25)• A disk-shaped wooden lid serves to cover the 
large jar and hold the smaller inner thermos bottle in 
place* The outer thermos jar rests in a double-walled 
wooden box heavily insulated with cork and glass wool* 
Two square plywood boards* between which* when in position# 
glass wool is packed# serve as a tight-fitting lid to the 
wooden box* 
When the thermos vessels are in place and &e box 
closed# two dead-air chambers are created aurroxmding the 
Inner veasel* One air chamber is bounded by the outer 
wall of the decomposition veasel and the inner wall of 
the large thermos jar* The second air chamber surrounds 
the outer thermos Jar and ia enclosed by the wooden box* 
The temperature of the latter air space is controlled and# 
by means of a heating coil# is maintained at or alightly 
below that inside the decomposition vessel* 
The teiiq;>erature control system works on the principle 
of changes in vapor pressure with changes in temperature. 
The temperature control apparatus consists of two bulbs# 
each containing a small quantity of high-vapor-preasure 
liquid* The gas bulba (C and I> in Figure 25) are connected 
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Fig. 25. Diagram illustrating construction of equipment. 
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at I and J (Figure 26) to the differential pressure 
mercury avltch by means of heavy-walled rubber tubing. 
As the temperature rises In the decomposition vessel the 
gas pressure is Increased at X and la dissipated by dls-
placing the mepoury colu«m » that contact 1. -ade at 
point L» IChis completes the heating circuit and the 
temperature of the box is raised to that of the decompo-
aition vesselj nhereupon^  the pressure in the outer box 
bulb la increased and dissipated through tube J causing 
the mercury column to be displaced in the opposite 
direction and the heating circuit to be broken. 
The heating tmit consists of a three-foot piece of 
nlchrome resistance wire motinted on insulating posts in 
the lower four comers of the box. From the heating imlts 
copper leads extend to the mercury pre a sure switch. A 
small 6 volt 10 amp alternating current transformer serves 
as the source of electric current. 
Temperature readings on material in the decomposition 
vessel A are made with a 24 inch 100^  range thermometer 
graduated in tenths of a degree. For temperature measure­
ments in the outside box a less sensitive thermometer can 
be employed. 
Three outlets lead from each of tubes I and J. One 
leads to the differential pressure switch; a second 
connects X and J through point K and is used to equalize 
pressure between the two bulba; a third leada to a 
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Fig. 26. Diagram illustrating thermal control system. 
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ouircury manometer l^Axich sex^ ves to control the pressure 
within the bulbs* 
The presstire switch is constructed of small-bore# 
thlckowalled glass tubing into which are sealed the 
electric terminals at A and B, Rubber tubing leads from 
the switch to the bulbs# from the switch to the manometer 
tubes# and also from points I to J through K* A screw 
clamp at K prevents gas flow between the two bulbs except 
iKh»n the pressure is being equalized* 
TtiB manometer tubes are made of capillary glass tub« 
Ing and of such a length as to suffice in recording more 
than two atmospheres of pressure (53-56 inches)* 
The desired range of operating temperatures determines 
the choice of high vapor pressure liquid placed in the 
thermal-'Control gas bulbs* The sensitivity of tiie temper­
ature control depends on the magnitude of the vapor 
pressure changes per degree change in temperature* Vapor 
pressure is approximately an exponential function of 
temperature# witii the result that the pressure difference 
per unit degree change is higher at high than low temper­
atures* In these studies# acetone has been found suitable# 
because of its well-defined vapor piressure change in the 
range of S0-75^ C# and because# at the upper end of this 
range# its vapor pressure is below two atmospheres* 
Both sides of the apparatus are constxnicted alike to 
compensate for differential volxuae or pressure 
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maladjustments* The blocked*ln parts of Figure 26 Indi­
cate the mercury-filled portionst the cross-hatched areas 
are filled vith mineral oil# and the unshaded areas indi­
cate gas-filled tubing. The pux^ ose of the mercury-filled 
U-tubes E and F is to prevent the gas vapors (acetone) 
from reaching the mercitry switch contacts where they might 
be ignited in the spark gap. The mineral oil» in which the 
electrical terminals and switch point are immersed* serves 
as insulation and prevents volume reduction with increase 
in pressure such as would occur were the tubes filled with 
a gas* Side-axvt tubes and H are capped with a short 
piece of rubber tubing blocked off at the upper end* 5y 
means of the screw clamps on the tubing the oil-mercury 
levels on each side of the switch can be adjusted* 
Heat losses froia the contents of the decomposition 
vessel A are negligible if the texoperature of the outer 
dead air space is not allowed to fall more than two or 
three degrees below that of the contents of A* The 
aeration system provides the greatest potential source 
of heat loss. To prevent excessive heat loss# the 
aeration rate is kept at a minimum and the air stream 
Is preheated by passage through long colls extending 
around the upper part of the box* The air is pre-^  
humidified by passage throu^  a bead tower bubbler* 
E# 80 that water is not removed from the decomposing 
material* 
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Oporatlop of eaulpmant 
Some special precautions in preparation are necessary 
if the equipment is to be used for pure cultural studies. 
The various parts of the apparatus in contact with the 
sample must be sterilized and kept sterile* The substrate 
stay be sterilized by autoclaving in the thermos bottle A 
if the steam pressure in the autoclave is increased and 
decreased slowly* The substrate should be packed round 
a glass tube of the same dimensions as the gas bulb C« 
Inoculation is carried out by addition of a spore sus­
pension or cell suspension in the appropriate volume of 
water* The decomposition vessel is rotated until the 
liquid is absorbed* The large glass tube is removed and 
the thermometer and control biilb inserted# these previously 
having been sterilised with norc\u*ic chloride and washed 
with sterile water* The air connections are similarly 
sterilised* and the air stream is kept sterile by the 
use of liSOO mercuric chloride solution in the humidifying 
bubbler* 
Examples of Results 
This equipment has proved very satisfactory in 
operation* The thermal CQntz*oX does not have the extreme 
sensitivity of the photoelectric system used in the 
adiabatic apparatus previously described in Part XV* 
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However# at 20-86^ 0 the temperature of the outside box 
ordinarily varies within a 2^  range belov that of the 
decomposing material. At higher temperatures the sensi­
tivity of the control Increases so that# with proper 
adjustment# the range is about 1^ « The rate of cliange in 
temperature of the decomposing material affects the 
behavior of the control# which process appears to be most 
effective when the temperature is increasing fairly 
rapidly. 
£he performance of the controls may be Judged from 
the two ej^ eriments sumoarized in Figure 27# in iriaich are 
plotted the teaqperature deviations of the outside box 
relative to those of the contents of the decomposition 
vessel and the rate of change in temperature of the latter 
as the decomposition proceeded* The dotted lines enclose 
the bounds of normal variation* In Figure 28 are plotted 
two time-temperature and time-rate curves obtained in 
typical ejqperiments with this equipment* 
Summary 
Simple equipment for the study of heat evolution by 
decomposing plant materials is described* This apparatus 
is less expensive to construct than the fully adiabatic 
equipment previously used* Data from representative exp'eri-
ments are given to illustrate the degree of sensitivity of 
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the temperature control and ttie consistency of the 
results obtained* 
-lis 
GENERAL CONCLUSIONS 
A series of studies was undertaken to lnvestl£,ate the 
Influence of the moisture content of the substrate and the 
temperature of Incubation on the microbiological decompo­
sition of some matvure plant materials* Included among the 
studies were the design and construction of appropriate 
items of apparatus and a study of the water sorbing proper­
ties of some plant materials. The latter study was under­
taken because the results obtained formed a basis for the 
control and maintenance of low moisture contents. 
Apparatus is described which establishes and main­
tains uniform low moisture contents in plant materials. 
The mioisture control is effected by the use of moist air 
streams* the humidity of which is controlled. The 
apparatus is adapted to either the study of water sorption 
by plant materials or the study of the rate of decompo­
sition of plant materials at low moisture contents. 
A simplified adiabatic apparatus is described which 
is easy to construct and to operate. It is adapted to 
studies of heat evolution from decomposing plant materials. 
Plant materials are capable of absorbing large 
quantities of water. In contact with the liquid phase 
this moisture uptake may be as high as 250-300 per cent. 
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Prom a moisture saturated atmosphere* on the other hand, 
the quantity of water sorption is much less# ranging from 
30!-150 per cent# the amount varying with the type of plant 
material# In unsaturated atmospheres# the water sorption 
is proportionately less and is determined by the relative 
humidity and the temperature* 
Studies of moisture sorption from moist atmospheres 
were made using a number of plant materials. Cotton 
absorbed the least amount of moisture of the materials 
studied idiile young alfalfa was the most hydroscopic. 
Temperature influenced both the rate of uptake and 
the equilibrium moisture content. The rate of moisture 
sorption was most rapid at the higher temperatures. 
Total moisture sorption by all plant materials at equi-
libritun# however# was greater at 12°C than at 25° or 37®C, 
At comparable temperatures the plant materials 
approached moisture equilibrium more rapidly at the lower 
than at the higher relative humidities. 
At favorable temperatures and high relative humidi­
ties microbiological activity was initiated in the plant 
materials before moisture equilibrium had been reached. 
As a consequence# water was ad^ ded to the substrate as a 
product of decomposition and the moisture content of the 
plant material did not exclusively represent moisture 
sorption from the atmosphere. 
Hysteresis in moisture sorption was observed. 
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Equillbrium moisture values obtained by desorption were 
generally higher than those obtained by sorption at 
comparable relative humiditiesa 
A mathematical equation is given which expresses the 
general features of the moisture per cent-relative humidity 
relationships. This equation is shown to be a rearrange­
ment of Raoult's principle which specifies that the rela­
tive vapor pressure of a solution is proportional to the 
mole fraction of the solvent. 
The moisture content of the substrate had a pro­
nounced influence upon the rate of microbiological de­
composition, At high;moisture contents decomposition 
proceeded rapidly# but at very low moisture contents 
active biological decomposition was found to be com­
pletely inhibited. Between these two extremes or in the 
biological moisture range the rate of decomposition was 
found to be closely related to the moisture content.-
The moisture in the several parts of the biological 
range is not equally available to the microorganisms or 
uniformly effective in promoting their growth. That 
moisture which is absorbed from moist atmospheres-
relative humidities below 100 per cent--is under tension 
and is held in equilibrium with the aqueous vapor pressiire 
of the atmosphere. Water retained in quantities above 
that absorbed from a saturated atmosphere is held at 
verj low tensions and is rather unifomly available to 
I 
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organ!ama* The quantity of moisture In this aaturated 
range» however» is a factor which Influences the rate of 
decomposition. 
The relationship of the moisture factors as they 
Influenced the decomposition of oat straw at 25^ C Is 
shown In Figure 29. Active decomposition did not occur 
at moisture contents below about 16 per cent* Increased 
increments of moisture between 16 and about 60 per cent 
resulted In a rapid Increase In the rate of microbio­
logical decomposition* Above about 60 per cent moisture* 
successive Increments of moisture Increase had a diminish­
ing Influence in promoting increases In decomposition* 
The permanent wilting point for field crops Is 
estimated to be at moisture tensions of about pF 4*2 
1^ 1ch corresponds to a relative humidity of about 98*6. 
The microflora associated with the plant materials 
studied were active at moisture tensions considerably 
higher than those permitting the growth of higher plants* 
For oat straw some measurable decomposition took place 
at 83 per cent relative humidity* 
The threshold moisture conditions for active micro­
biological growth varied among the several plant materials 
under study and are indicated as followst for alfalfa# 
20 per cent moisture and 75-80 per cent relative hvunldity; 
for Sudan grass, 14-16 per cent moisture and 77-82 per 
cent relative humidity; for oat straw and hemp bark# 
p .  W .  p .  
FOR CROPS 
>99.9 PERCENT R. H 
97 PERCENT R. H. 
92 PERCENT R. H. 
83 PERCENT R. H. 
PERCENT MOISTURE IN OAT STRAW 
250 
Influence of moisture content and moisture tension on decomposition of 
oat straw. 
I M 
M C'-; 
I 
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15-17 per cent moisture and 77-82 per cent relative 
humidity; for pine needles* 15-17 per cent moisture and 
80-86 per cent relative humidity; and for sudan grass 
roots* 10-12 per cent moisture and 80-86 per cent relative 
humidity* 
At moisture contents below the threshold values the 
microorganisms may be limited by the absence of a suitable 
physical environment (moisture shell) or by the tenacious 
absorption of the water by the plant materials. The 
relative humidities associated with the threshold moisture 
values ranged between about 75 and 86 per cent. The 
moisture in this range is strongly absorbed. The pF at 
80 per cent relative humidity is about 5.5 and the 
capillaries filled by condensation at that moisture tension 
would be those less than 0.005 micron in diameter. Most 
soil bacteria are of such size that their minimum diameter 
is about 0.3-0.5 micron. A relative humidity of greater 
than 99 per cent would need to exist before capillaries 
of sufficient diameter to harbor soil organisms would 
fill with water. That the organisms on the plant substrate 
are encompassed by a film of water is both reasonable and 
probable to assume. The thickness of this water film* 
however# need not be of the order of magnitude of the 
diameter of the organisms* At water tensions where the 
water film is locally of sufficient thickness to permit 
extracellular enzymatic reactions* the organisms are 
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capable of limited activity. 
It seema reasonable that a niuaber of factors associ­
ated with low moisture contents contribute toward the 
inhibition of microbiological activity. That neither low 
moisture content nor moisture tension alone is responsible 
is quite evident from the data obtained in the study. 
Biological activity above the threshold moisture values# 
however# seems somewhat more closely related to moisture 
content than to moisture tension, although both must 
impart an influence on the moisture environment. 
Temperature was found to have a marked influence upon 
the rate of decomposition of the several plant materials. 
Microbiological activity was found to be most rapid at 
the higher temperatures—35® to 50®C. The reported 
optimum range for mesophilic organisms is near 37°C. 
In this study# however# decomposition occurred at SO^ C 
at about the same rate as at 37° or 40®C. The rates of 
decomposition at 12PC were erratic and large variations 
were found among duplicate experiments. 
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